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ABSTRACT: OPTICAL FIBRE COUPLERS
Coherent communications systems and other future optical fibre applications will 
require passive optical fibre couplers more sophisticated than the standard four-port 
couplers currently in use. This thesis is a theoretical study of six-port couplers, 
birefringent couplers and fibre optic polarizing beamsplitters, using the well-known normal 
mode approach to deduce their optical characteristics.
Chapter 2 provides the mathematical background, describing the derivations of 
the isotropic and anisotropic vector and scalar wave equations, and the validity of the scalar 
analysis for weakly-guiding, weakly-anisotropic structures. Scalar perturbation theory is 
also introduced as it applies to the analysis of evanescent couplers and birefringent fibres.
Chapters 3 and 4 describe in detail the lowest-order scalar and vector normal 
modes respectively, of the six-port evanescent coupler, of arbitrary isoceles cross-section. 
These modes are analagous to the fundamental and first-order modes of the circular fibre, 
to which they evolve when the three fibres are coalesced into a single circular structure. 
Symmetry principles are invoked to deduce the modes in certain limiting cases, including 
the equilateral array of three identical fibres.
Expressions for the scalar modal fields and propagation constants are derived in a 
general form in Chapter 3 using scalar perturbation theory, and these are used to determine 
the output power splitting and phase characteristics of sixport couplers. In Chapter 4, first 
order corrections from the vector wave equation are used to determine approximate forms 
for the vector modes, and the form birefringence of the three-guide array. The transition 
between the vector and scalar results is examined.
Chapter 5 is an analysis of birefringent couplers consisting of a pair of identical 
anisotropic cores in an isotropic cladding, with non-aligned optical axes. The four 
lowest-order normal modes are determined from scalar perturbation theory alone, and the
polarization vectors are generally not parallel to the optical axes except in certain limits. 
Form birefringence is dominated by material birefringence, and these couplers are 
characterised by the optical axis misalignment angle and the ratio of the two physical beat 
lengths in the system - the evanescent coupling length and the birefringent beat length. 
When the two beat lengths are equal, the opportunity for polarization cross-talk is greatest, 
with maximum cross-talk occuring for 45 axis misalignment. Polarization preservation is 
best in highly birefringent couplers with aligned optical axes. Power transfer and output 
polarization states are examined.
Chapter 6 describes two types of polarization-selective coupler, which are the 
fibre analogues of the bulk optics polarizing beamsplitter. Light with components of both 
polarizations enters via one input port, and emerges with the orthogonally polarized 
components segregated at the two output ports. Type I functions by the mismatch in 
coupling constants enabling the power transfer cycles for the two polarization states to fall 
exactly out of step over the coupling region, while Type II relies on a mismatch of the 
fibres, for one polarization only, to frustrate coupling while allowing the other polarization 
to transfer completely between the fibres. After analysing both types and the conditions 
required for splitting, the performance of the two types is compared.
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1CHAPTER 1 
INTRODUCTION
1.0 Motivation
Optical communications systems, interferometric devices, sensor networks and 
other applications of optical fibre technology have created a need for specialized passive 
components, such as optical fibre couplers, at all points in the system - launch, branching 
networks, transmission sections and receiver ends. Future developments, such as coherent 
communication systems, will involve more sophisticated couplers than the standard 
four-port couplers widely used today.
In particular, multi-fibre devices such as the six-port coupler will find application in 
novel receiver configurations [Davis et Al, 1986, Stephens and Nicholson, 1987] and 
birefringent couplers will be required in polarization maintaining networks to prevent 
polarization degradation of the signals [Noda, 1986, Kawachi et Al, 1982]. The 
polarization splitter is a logical extension of the birefringent coupler [Nayar and Smith, 
1983, Snyder and Stevenson, 1985] and has already found widespread use in bulk optic 
form; an on-line fibre polarization splitter has obvious advantages.
Both types of coupler are able to be modelled and treated by perturbation techniques 
already well-known for standard four-port couplers [Snyder and Young, 1978, Snyder and 
Love, 1983]. This involves deducing the normal modes, which are the natural states of 
electromagnetic oscillation in the composite structure, and their propagation constants, 
assuming each fibre acts as a slight perturbation on the other(s). This applies mainly to 
couplers which function by evanescent coupling between the fibres, such as polished 
couplers, but the qualitative picture of mode interactions applies even for strongly- tapered 
couplers in many ways, so the scalar perturbation analysis of the normal modes of the 
coupler is the standard technique adopted in this thesis.
p1.1 This Thesis
In Chapter 2, we review the justification for and description of the scalar 
perturbation technique for both isotropic and anisotropic waveguides. In doing so, we 
investigate the validity of the scalar wave equation which is an approximation to the vector 
wave equation derived directly from Maxwell's Equations, and identify the effects of form 
birefringence and material birefringence in weakly-guiding structures. This chapter lays the 
mathematical foundations for all of the results contained in the rest of this thesis.
In Chapter 3, the evanescent six-port coupler is modelled as a waveguide consisting 
of three fibre cores arranged in a triangular array, within an infinite cladding, a valid 
approximation when the cores are the principal guiding structure. When form birefringence 
of the three-core system is neglected, the three lowest-order scalar normal modes depend 
only on the separations and unperturbed propagation constants of the constituent fibres, at a 
given wavelength. These modes converge to the matching set of lowest-order scalar modes 
of the circular waveguide when the cores are coalesced.
Power transfer and relative phase between the fields in the output fibres of the 
coupler are determined from the scalar modes and propagation constants, calculated from 
scalar perturbation theory when the cores are weakly-coupled. Asymmetric input fields 
excite all three coupler modes and three length scales can appear in the power beating along 
the coupler. Couplers departing only slightly from the "ideal" equilateral shape are treated 
using a first order analysis, to show how slight separation errors or tiny discrepancies in 
the fibre uniformity can severely affect the output power splits and phases.
When form birefringence in the weakly-guiding triangular array is accounted for, 
the actual vector modes assume non-LP forms in resonant cases when there is a scalar 
degeneracy or near-degeneracy. In Chapter 4, the fundamental vector modes of an 
equilateral array of identical fibres are shown to be plane-polarized and degenerate, while 
the first- order vector modes exhibit polarization patterns analagous to the 1 = 1 vector
modes of the circular fibre, to which they evolve when the cores are coalesced. If the 
cross-section deviates even slightly from equilateral, the near degeneracy is split by the 
scalar differences between the modes, so the vector modes experience a transition to the LP 
scalar modes derived in Chapter 3. Over typical coupler lengths, the vector corrections to 
the output fields, relative phases and power splits are negligible. This completes the normal 
mode description of six-port optical fibre couplers.
In chapter 5, we investigate couplers composed of anisotropic fibres, which offer 
the possibility of maintaining input polarization throughout coherent networks and the like. 
Polarization cross-talk in birefringent couplers is analogous to polarization degradation in 
bireffingent optical fibres. This results from off-axis perturbations, with physical length 
scales shorter than or comparable to the birefringent beat length. In two-core birefringent 
couplers, each fibre acts to perturb the other on a length scale equal to the evanescent beat 
length. Polarization cross-coupling is therefore strongest when this length is comparable to 
the birefringent beat length of the two fibres and the optical axes of the two cores are 
misaligned.
The four lowest-order modes of the coupler with non-aligned optical axes are 
deduced from scalar perturbation theory alone, and exhibit novel polarization 
characteristics. When the optical axes of the two cores are parallel or perpendicular, the 
polarizations physically de-couple, and the coupler may be treated as two independent 
isotropic couplers, with LP modes. In all other cases with finite coupling and birefringent 
beat lengths, the modes are not LP, and the field vectors in each core lie between the optical 
axes. Power coupling exhibits two simultaneous length scales and the output fields are 
generally elliptically polarized for an LP input parallel to an optical axis.
In a birefringent coupler with parallel optical axes, the evanescent beat lengths 
between the lowest-order normal modes for the two de-coupled polarizations are actually 
slightly different, and after several power cycles, the two power oscillations fall out of
4step. Arranging for the two cycles to fall completely out of phase with each other provides 
the possibility of all of the power from one polarization emerging from one output fibre, 
while the orthogonal polarization emerges from the other fibre only. This is the realization 
of a Type I fibre polarization splitter, and can be used to polarize, split or combine two 
orthogonally polarized signals.
Another realization, called a Type II splitter, is obtained by arranging a birefringent 
coupler so that the fibres have matched propagation constants for one polarization, enabling 
total power transfer on a given length scale, while a mismatch exists for the other 
polarization, giving less power cross-talk (or none at all) on a shorter length scale. By 
tuning the length scales appropriately, it is possible to obtain polarization splitting as 
described above. Altenatively, if the fibres are sufficiently mismatched for one polarization, 
no power transfer is possible for that polarization, while the other polarization can transfer 
completely to the cross-port.
In chapter 6, we investigate both types of polarization splitter and compare their 
relative merits, including ease of fabrication, response to spectral and environmental 
changes, and physical dimensions needed to achieve splitting.
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CHAPTER 2
MATHEMATICAL BACKGROUND
2.0  INTRODUCTION
The purpose of this chapter is to provide the mathematical and physical 
groundwork for all of the results and concepts arising in this thesis.
After introducing the objects of our attention, namely isotropic and anisotropic 
optical waveguides and their natural modes of electromagnetic propagation, we show how 
Maxwell's equations lead to the general vector wave equations satisfied by the modes of 
both types [Marcuse, 1972, Snyder & Young, 1978, Snyder & Love, 1983].
The concept of weak guidance [Snyder, 1969, Gloge, 1971, Marcuse, 1972, 
Marcuse, 1974] is then used to simplify the analysis by reducing these vector wave 
equations to scalar wave equations, whose solutions accurately approximate the transverse 
components of the modes of isotropic and weakly-anisotropic waveguides. In doing so, we 
effectively ignore all of the polarization effects related to the waveguide geometry so that 
the only remaining birefringence and polarization corrections to the transverse field 
components result from material anisotropy in the guiding regions. In particular, we 
consider the scalar modes of isotropic (and thus anisotropic) step-profile single-mode fibres 
as these are of practical interest and are among the few profiles for which simple analytic 
results are obtainable.
2.1 OPTICAL WAVEGUIDES
2.1.0 Descriptions of propagation in optical waveguides
An optical waveguide, in its most general form, is a longitudinally extended 
structure designed to confine optical or infrared energy laterally, while allowing it to 
propagate longitudinally along an axis. Currently, the most important category of optical 
waveguide is the dielectric waveguide, the most common example being the optical fibre. 
Light confinement is achieved in optical fibres principally by the inclusion of a region of 
higher refractive index near the central axis, with lower refractive index regions 
surrounding this to isolate the light from the surrounding material, e.g. the jacket.
6Propagation in optical waveguides may be described by classical electromagnetic 
theory. Light confinement in waveguides much wider than the wavelength of the 
propagating light may be described in terms of total internal reflection of some or all of the 
light rays at one or more refradtive index boundaries, or a graded index region, using a 
geometric optics approach. [Ankiewicz and Pask, 1977]. This description does not apply in 
waveguides whose width is comparable to the wavelength of the light itself, since 
diffraction effects then dominate [Snyder et Al., 1974].
The most intuitively satisfying description of light propagation in optical 
waveguides involves the natural states of electromagnetic oscillation in the waveguide, the 
so-called "normal modes" of the structure. These modes are analgous to the natural 
vibration states on a bound string or stretched membrane, or the quantum mechanical states 
of a particle in a potential well [Black & Ankiewicz, 1985]. The description of the normal 
modes and their propagation in optical waveguides is based on Maxwell's Equations, from 
which wave equations appropriate to the waveguide may be derived. The number and form 
of the normal modes are determined by the refractive index profile of the waveguide, the 
wavelength of the light, and the size of the structure relative to the wavelength [Pask et AL, 
1975, Snyder & Young, 1978].
The normal mode description applies not only to the optical fibre, but also to more 
complex waveguides, including the optical fibre coupler, which is a composite structure 
composed of two or more fibres, and supports various normal modes. The re-arrangement 
of light among the fibres along the coupler, called cross-talk, is a consequence of the 
simultaneous propagation of one, two or more of these normal modes, which are the 
principal subjects of this thesis.
2.1.1 Isotropic and anisotropic materials
In a linear optical material, an applied electric field, E, induces a proportional 
material polarization, P, and the displacement vector, D, is defined :
D = e0E + P = eE (2-1)
7
where e is the dielectric constant (or tensor) of the material and e0 is the dielectric 
constant for free space, in which no polarization exists. Refractive index of a material may 
be defined as the ratio of the squares of the dielectric constants of the material and of free 
space.
In some materials, termed "isotropic", P is parallel to E for all applied fields, and 
the refractive index n is therefore a scalar function of position. The six-port couplers 
examined in Chapters 3 and 4 fall into this category. Other materials, by virtue o f their 
molecular structure, or due to applied stress, for example, are termed "anisotropic", since 
the magnitude and direction of P, and hence D, depends on the direction of E. In this case, 
the dielectric constant e in (2-1) is a tensor, and so too is refractive index, n. The 
birefringent couplers and polarization splitters discussed in Chapters 5 and 6 possess 
material anisotropy.
The refractive index tensor is expressable as a 3 x 3 matrix generally, since E and 
D are vectors in 3 dimensions. Equivalently, the tensor may be written in dyadic form 
[W eatherbum , 1937]. The anisotropic w aveguides exam ined in this thesis are 
weakly-guiding (see below) and E and D are thus co-planar in the transverse plane of the 
waveguide, so for convenience, the refractive index tensor is generally reduced to a 2 x 2 
matrix.
For certain polarization directions, known as the "optical axes" of the material, P 
is parallel to E, so if we choose to express the 2 x 2 refractive index tensor in reference to 
these axes, it may be written in diagonal form :
n2t (2-2a)
where the subscript t denotes "transverse" and a and b denote the optical axes of the 
material, and are not necessarily uniform throughout the material but may be defined 
locally. In the equivalent dyadic notation :
n* a ä + nj £> 6 (2-2b)
8For convenience, decomposition is generally effected with respect to the local optical axes, 
while spatial co-ordinates, used to describe the variation of each tensor element with 
position, are chosen to suit the geometry of the refractive index structure, usually cartesian 
or cylindrical for the study of longitudonally invariant waveguides, as in this thesis.
If we decompose with respect to other axes, the tensor is not diagonal, but 
remains unchanged physically. Specifically, if c and d are another set of axes, rotated by 
angle 9 , the tensor may be rewritten with respect to c and d:
In isotropic materials, a special subset of the anisotropic materials, the tensor is always 
diagonal, regardless of decomposition axes, since na = nb .
2.1.2 Refractive index profiles
The elements of the refractive index tensor are themselves scalar functions of 
position in the transverse plane, in longitudinally invariant waveguides, as shown in Fig. 
2.1(a). The refractive index of a general optical fibre consists of an axially symmetric raised 
region, with finite radius p, say, and maximum refractive index nco , surrounded by a 
uniform cladding of index nc8 , to optically isolate the core from the surrounding air or 
jacket, as shown in Fig. 2.1(b). We may define the "profile height parameter" as :
The larger A is, the more strongly guiding the fibre is, for a given radius, and for a given 
A , larger fibres provide stronger guidance.
Fig. 2.1(c) shows two example refractive index profiles of optical fibres in 
widespread use, namely the step-circular-profile and the finite-parabolic circular profile.
nj cos20 + n2sin20 (n2 - n2) cosösinÖ
n2 =
(nj - n2) cos0sin0 n2 sin20 + cos20
(2-3)
(24a)
9(a) Optical fibre geometries :
(i) Cartesian co-ordinates (x,y,z)
(ii) Cylindrical Polar co-ordinates (r, (j) ,z)
(b) Refractive index profile for the generalized cylindrically symmetric fibres, with core 
radius p .
(c) Examples of fibres which can be treated analytically :
(i) Step-circular profile fibre.
(ii) Clad parabolic profile fibre.
1 0
These are among the relatively few profiles which may be treated mathematically by 
analytic means. In practice, single mode fibres have core radii between 5 and 10 microns, 
and 0.002 < A < 0.01, while the more strongly guiding multi-mode fibres have virtually 
unlimited core size and 0.01 < A < 0.03. Some fibres possess no core, relying instead on 
the large air-glass index boundary to guide the light, so that A is around 0.3.
In this limit, known as the weak-guidance limit, the fields of the fibre are only weakly 
confined, with much of the light propagating in the cladding, as evanescent fields. Even in 
this limit, however, in normal optical fibres, the field at the outer cladding-air boundary is 
vanishingly small. Thus, we ignore the effects of the outer boundary in our analysis and 
assume a boundless cladding of refractive index nc3. By contrast, in tapered waveguides, 
e.g. fibre couplers, the core may become too small in the taper waist to effectively guide 
the light, and most propagates in the cladding. This requires a more sophisticated 
waveguide model, accounting for the outer cladding boundary. In this thesis, for 
simplicity, we invesigate only infinite cladding models.
2 .2  MODES OF OPTICAL WAVEGUIDES 
2.2.0 Decomposition of the field into modes
In a uniform dielectric waveguide, both guided and radiated power may result 
from the propagating electric and magnetic fields. We may express E(x,y,z) and H(x,y,z) 
as finite sums of the forward and backward propagating guided modes, and the lumped 
radiation field terms [Snyder & Love, 1983] :
When A is very small, we may approximate :
^  —  ( T c o  ” /^ C O (2-4b)
M M
E(x,y,z) = u.E.(x,y,z) + u.E.(x,y,z) + Erad(x,y,z) (2-5a)
j = i j=i
H(x,y,z) = u.H.(x,y,z) + ^  u^H .(x,y,z) + Hrad(x,y,z) (2-5b)
j=i j=i
The waveguide supports the same number, M, of bound modes in each direction. The 
factors, ilh are (complex) modal amplitude constants, the same in both expansions, from 
Maxwell's equations. We consider only the bound forward-directed fields in uniform 
lossless waveguides, since the backward-propagating and transient radiation fields arise 
due to longitudi nal variations, sources or perturbations in the fibres, which we will not be 
examining in detail.
Thus, in our waveguide models, an input field excites a combination of the 
bound, forward-propagating modes Ej(x,y,z) (j = 1,...,M) and, in the absence of 
mode-mode coupling due to longitudinal variations in the waveguide, the amplitude 
coefficients u.(j = 1,...,M) remain constant thereafter.
The jth mode of a longitudinally invariant waveguide may be expressed in 
separable form, from Maxwell's Equations :
iß.z iß.z
E.(x,y,z) = e.(x,y)e J ; H.(x,y,z) = h.(x,y) e J (2-6)
where we have implicitly assumed a time-varying phase factor, exp(-icot), in ej(x,y) and 
hj(x,y) to give the travelling wave phase factor exp[i(ßjZ - cot)] corresponding to forward 
propagation at a phase velocity of Vj = co/ßj .
ßj is known as the propagation constant and is an invariant of the refractive 
index profile, in the same way that total energy is an invariant quantity for a particle in a 
fixed potential. The analogy is taken further by noting that on a given waveguide, one or 
more allowed values for ßj exist in general, just as a potential may possess one or more 
permitted energy levels. Each value of ßj may be degenerate to any degree, since several 
modes may share the same value. There is generally no corresponding quantity in a 
z-variant waveguide, just as total energy is not conserved for a particle in a time- dependent 
potential [Black and Ankiewicz, 1985].
2.2.1 Interference between modes
Although the amplitude of each bound mode is unchanging along the waveguide, 
the resulting fields may show variation with distance, since the relative phases between the 
modes change as they propagate, causing beating between the modes. This interference 
merely rearranges the propagating power without affecting the total time-averaged power 
traversing the infinite cross-sectional plane of a lossless waveguide. Total power is given 
by :
to the longitudinal axis and * denotes complex conjugate.
In a uniform waveguide, the re-arrangement of confined power is a beating 
phenomenon, as opposed to a coupling phenomenon, since the power propagating in each 
bound mode remains constant. "Coupling", strictly defined, is the transfer of power 
between the modes themselves, e.g. due to perturbations or variations in the waveguide 
structure.To see why modal power is conserved in the invariant case, note that Maxwell's 
Equations and their boundary conditions on a non- absorbing z-invariant waveguide lead to 
the vector mode orthogonality condition
J  e. x h * . $ dA = J  ek x h* . z dA = 0 if j * k (2-8)
Aoo Aoo
Orthogonality of two modes is a global condition, as we see in later chapters. The 
amplitudes and polarizations are so arranged that the integral in (2-8) evaluates to zero over 
the entire cross-section, even if the modes do not have perpendicular polarizations or 
opposite scalar symmetries about some axis.
(2-7)
where "Re" denotes "real part", A^is the infinite cross-section, z is the unit vector parallel
From (2-8) and (2-5), the total propagating power in (2-7) is expanded :
1 3
^TOTAli2) 2 S ^ *Uj^  J 6j X ' Z ^  -fL'
J=l A ,
(2-9)
'The power in each mode is fixed and proportional to the square of the amplitude constant 
multiplying that mode in (2-5).
Thus, total power traversing the infinite cross-section is constant along the 
waveguide, and the power in each mode is also constant, but the power traversing a subset 
of the infinite plane may not be. Modal interference may cause the fraction, q R (z), of 
power traversing a given region, R, in the waveguide cross-section to vary along the 
waveguide, where
The region R may correspond to a fibre core, in a coupler, for example.
2.2.2 Length Scales due to Beating between Modes
When two modes having different propagation constants, ßj and , propagate 
simultaneously along a waveguide, they alternately fall into and out of phase with each 
other, causing periodic longitudinal beating of polarization or power or both, in various 
regions in the cross-section of the waveguide. After a length 27t/lßj - ß^l, the initial phase 
relationship between the modes is re-established.
A simple example is the four-port evanescent optical fibre coupler, consisting of 
two identical fibres in close proximity, shown schematically in Fig. 2.2(a). Such fibres 
may be fabricated using a lapping/polishing method, in which the cores are exposed to each 
other by selective cladding removal, or by a fusion and tapering technique, in which the 
cores shrink and are brought together. Both types are illustrated in Fig. 2.2(b,c). Power 
launched into one fibre at z = 0 excites an even and an odd mode of the coupler, which are 
characterized by different propagation constants ß+ and ß-  respectively. The closer the 
cores, the greater the difference between these propagation constants. The fields of both 
normal modes are concentrated in the fibre cores.
(2- 10)
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FIG. 2.2
(a) Four-port optical fibre coupler - schematic. Light launched into port 1 emerges from 
ports 3 and 4 in some arbitrary ratio.
(b) Two realizations of four port couplers - polished (lapped) and fused taper. Dotted lines 
refer to the cross-sections in (c).
(c) Cross sections of the polished-type and fused-tapered-type four port optical fibre 
coupler.
As the modes propagate, and their relative phase changes, the field and hence 
power in each fibre varies sinusoidally. Thus we can consider the coupler to be 
characterized by a beat length, inversely proportional to ( ß+ - ß- ) , which depends on the 
coupler geometry at each position; the closer the fibre cores, or the more tapered the 
coupler, the shorter the evanescent beat length becomes. The power splitting ratio at the 
output depends on this difference between the propagation constants, integrated over the 
length of the coupling region. [Snyder and Young, 1978, Snyder and Love, 1983, Chapter 
18].
The coupler can also be treated using the so-called "coupled-mode theory" 
[Snyder, 1972, McIntyre & Snyder, 1973] in which cross-talk is described as coupling 
between the modes of the individual fibres within the coupler. While this approach is 
formally exact, and gives accurate results for weakly guiding, well-separated fibres, it is 
not as physically intuitive as the normal mode interference approach, since the fibre 
"modes" are not real modes of the coupler. Also, it does not extend conceptually to tapered 
couplers and is difficult to apply to birefringent couplers.
Another beat length relevant to this thesis is associated with the two orthogonally 
polarized fundamental modes of a birefringent fibre. Light launched at an angle to the 
optical axes of such a fibre excites both of these modes and, because of their different 
propagation constants, there is beating between them, resulting in a periodic variation in the 
polarization state along the fibre, generally from linear to elliptical and back again. After 
each beat length, the polarization state returns to the input state. The more birefringent the 
fibre is, the shorter is its birefringent beat length.
2 .3  WAVE EQUATIONS AND WEAK-GUIDANCE
2.3.0 Motivation
The normal modes of various types of optical fibre coupler are determined, in this 
thesis, by a perturbation approach, based on scalar wave equations for the couplers and 
their constituent fibres. Results involving these so-called "scalar normal modes" are only 
valid if the coupler is weakly-guiding and weakly-anisotropic.
The scalar wave equations are, in their turn, approximate forms for the exact 
vector wave equations for the waveguides, derived directly from Maxwell's Equations. The 
true "vector normal modes" of the couplers follow from these vector equations, and are 
determined not only by the evanescent coupling between the fibres, but also by the 
geometric or "form" birefringence due to the shape and gradient of the waveguide index 
boundaries, not accounted for by the scalar analysis. Strictly speaking, therefore, the scalar 
normal modes are not quite correct, but predictions about phase and power transfer based 
on the scalar approach are still accurate, provided polarization effects are small.
It is useful, therefore, to know for what situations this scalar perturbation analysis 
is applicable, and what polarization-based effects are ignored by neglecting form 
birefringence. The vector equations can also be used to provide polarization corrections to 
arbitrary accuracy to the scalar analysis, and thus allow us to deduce more realistic 
approximations to the vector normal modes without having to solve the vector wave 
equations directly.
2.3.1 Maxwell’s equations for isotropic waveguides
Maxwell's equations for the electric field E(x,y,z) and magnetic field H(x,y,z) of 
an isotropic optical waveguide free of real charges and currents may be expressed in the 
form:
V xE  = -n 0H =ik(iye0)l/2H (2-1 la)
V x H = eE = ikn2(e0/|x0)1C E (2-1 lb)
V . (eE) = e0V . (n2E) = 0 (2-1lc)
V . (nH) = nQV . H = 0 (2-1 Id)
when the time dependence e*i0)t is assumed implicitly in E and H. e(x,y,z) is 
proportional to the squared refractive index at each point, and the magnetic permeability is 
close to its free space value of {i0 in materials considered in this thesis. The
wavenumber, k = I k / X  throughout this thesis, where X  is the free-space wavelength of 
the light being used. Note k = co/c, where c = (s0| i 0)-1/2 = 3 x 108 m/s is the
free-space velocity of light.
The field solutions are subject to boundary conditions across any interface 
between dielectric media of different refractive index:
(i) The total magnetic field and the component of the electric field tangential to the 
interface are continuous, and
(ii) The normal component of the electric displacement vector is continuous across 
the interface.
These conditions give rise to form birefringence in waveguides.
2.3.2 Vector wave equations for the isotropic waveguide
On a non-absorbing z-invariant waveguide, n2 = n2 (x,y) and is pure real. In this 
case, the modes can be written in the separable form (from (2-6)):
E(x,y,z) = Et(x,y,z) + Ez(x,y,z) z = (et + ez2 ) elßz (2-12a)
H(x,y,z) = H t(x,y,z) + Hz(x,y,z) z = (ht + hz i )  elßz (2-12b)
where ß is pure real, and the subscripts t and z denote the transverse vector components 
and longitudinal scalar components respectively. Any suitable set of spatial co-ordinates 
may be used, independent of the axes chosen for the vector decomposition of E and H. 
Taking the curl (VX) of (2-1 la) and using (2-1 lb) to eliminate H gives
V2E + kV(x,y)E = V(V . E) = - V [e , .  V t «n(n2)] (2-13a)
We have made use of the z-invariant refractive index profile, and the vector operators have 
their usual meanings. In particular, V t = V - ißz  and V t2 = V 2 - ß 2z2 . 
Similarly, eliminating E gives :
V2H + k2n2(x,y) H = (V x H) x V,(tn n2) (2-13b)
These are the vector wave equations for a longitudinally-invariant isotropic dielectric 
waveguide, and are exact for any profile.
From (2-13), similar equations can be derived for the cartesian components of E 
and H, and are given in Eq. 30-18 of [Snyder and Love, 1983]. In weakly-guiding 
structures, the z-components are small enough to be of little concern in this thesis, so we 
refer mainly to the transverse fields henceforth.
2.3.3 The isotropic scalar wave equation
The transverse cartesian components are coupled by terms on the right side of 
(2-13), which involve the geometry of the waveguide index boundaries, giving rise to 
polarization effects and form birefringence, even while the material itself is isotropic. In 
isotropic waveguides, these coupling terms uniquely determine the mode polarization 
directions. The only exceptions,on c e rta in  dielectric waveguides;are the so-called TE 
modes - modes with ez = 0 everywhere. In this special case, (2-13) separates into 
de-coupled equations, for each cartesian component of the electric and magnetic fields, of 
the form:
(Vf+k2n2(x,y)-ß2) v  = 0 (2-14)
where is a scalar function representing ex , ey , hx orhy in this case.
This is known as the "scalar wave equation", and is the most important equation 
in this thesis, because its solutions, and those of its anisotropic counterpart to be introduced 
in the following section, approximate very closely the scalar cartesian components of the E 
and H vectors of the modes of weakly- guiding structures (A s  0) considered below. This 
is because the effects of coupling terms on the right side of (2-13) are minimal in weakly- 
guiding waveguides, and may be treated as small corrections to the scalar results. In 
strongly-guiding waveguides, however, geometric effects are large enough to invalidate the 
scalar wave equation completely for non-TE modes, and a more exact vector approach is 
required to find the modes in such cases.
The scalar wave equation has found w idespread use in the analysis o f simple 
waveguides, notably in finding scalar modes and propagation constants in planar dielectric 
waveguides and optical fibres of circular cross-section.
It can be shown that the solutions o f the scalar wave equation and their first 
derivatives are everywhere continuous and bounded. Continuity follows from  the fact that 
the second derivative contains at most a step discontinuity (from the scalar wave equation 
itself), while boundedness follows from continuity and physical constraints on the field and 
index profile. (In particular, the total energy propagating in any mode must be finite.)
These properties allow us to find the scalar propagation constants from  an 
eigenvalue equation and hence the scalar field solutions them selves. The m odes of the 
step-circular-profile fibre are derived in this m anner in [Snyder & Love, 1983], and their 
circular fibre results, outlined briefly now, are used in this thesis, where appropriate.
In the step-circular-profile fibre, the transverse modal fields are found by solving 
(2-14) w ithin the core and cladding separately, and m atching the solutions and their first 
derivatives at the circular boundary. The solutions, \\f (r, (b), must take the separable form
w here fi is an integer. D efining R = r/p be the norm alized radius, where p is the fibre 
radius, the fields turn out to be solutions of Bessel's Equation :
\|/(r,($)) = F{ (r/p) cos(fi<|)) or F4(r/p)sin(c<j>) (2-15)
J , (UR)/J,(U) R < 1
(2-16)
K£WRyKs(W) R > 1
w here U and W  are norm alized scalar m odal propagation param eters in the core and 
cladding respectively, positive real for bound modes on a lossless fibre :
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These parameters are related to the normalized frequency parameter, V :
Ml
V = kp(n?0 - n* ) = (2 A)1/2 kpnco = (U2 + W2)1'2 (2-17c)
The propagation constant is found by solving for U(V) from an eigenvalue equation arising 
from the matched-derivative boundary condition. For a weakly- guiding fibre, ( A «  1), 
the plots of U against V for some of the lowest order modes are shown in Fig. 14-4 of 
[Snyder & Love, 1983]. Each mode is assigned two integers, (f,m) to denote the mth 
solution of an fth order Bessel equation, arising from the eigenvalue equation, (j? is the 
subscript in (2-15) and (2-16).) Thus, the fundamental mode is the E = 0 mode, the ß = 1 
modes are the first order modes and so forth.
As V decreases, the fibre becomes less guiding, and the fields spread into the 
cladding. The propagation constants decrease and modes progressively become "cut-off’, 
since bound mode propagation constants must lie in the range
kncl < ß < küco (2-18)
For all modes except the fundamental, there is a V value below which the mode cannot 
propagate. Cut-off occurs when U = V. Fibres in which all higher-order modes are cut off 
are called single-mode or monomode fibres.
Of particular interest to us in this thesis are the fundamental (E,m =0,1) and first 
order ( £,m =1,1) scalar modes of the step-circular-profile. The modal intensity patterns, 
proportional to \|/2 at each point, are shown in Fig. 2.3, together with vector field 
directions in each region for LP scalar modes. Both spatial axes and polarization axes must 
be defined.
Any pair of polarization axes is permitted by the scalar wave equation, which 
simply gives approximate spatial solutions for the cartesian components of the true vector 
fields. This is because any linear combination of valid, degenerate, solutions of the scalar 
wave equation is itself a valid solution, by the linear additive property of the Laplacian 
operator. The two combined solutions must have the same value of ß , otherwise they do
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FIG. 2.3
Intensity patterns and x-y symmetric polarization vectors for the fundamental 0 - 0 )  and 
first-order (8 = 1) LP scalar modes of the step-circular-profile fibre, from (2-15) and
(2-16).
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not come from the same wave equation, since ß is present in (2-14). Within this constraint, 
however, we are free to add two orthogonally polarized versions of one mode, or two 
arbitrarily polarized scalar modes with different spatial distributions to obtain an infinite 
number of possible hybrid modes. Of these, only certain unique combinations will 
approximate the allowed solutions of the vector wave equation, since it does not share the 
linear additive property of the scalar equation, due to the coupling terms on the right side 
involving the field.
The polarization axes in Fig. 2.3 are chosen for symmetry reasons to fit in with 
the vector transitions to the modes of the elliptical fibre, to be discussed below. The LP 
scalar fundamental modes efx and efy are degenerate, as are the four LP scalar first-order 
modes, eex , eey , eox and eoy .
2.3.4 Polarization effects in isotropic waveguides
Coupling between the polarizations, due to index boundary effects, occurs when 
two or more modes found from the scalar wave equation (2-14) are degenerate or almost 
so, i.e., when the difference between the "scalar" propagation constants is smaller than or 
comparable to the form birefringence resulting from the terms on the RHS of (2-13). The 
resulting modes have hybrid polarizations, and in weakly-guiding fibres, are 
well-approximated by combinations of the degenerate LP scalar modes. The "vector" 
propagation constants are given by the scalar values, slightly split by the form 
birefringence.
A good example, shown in Fig. 2.4, is the set of first-order vector modes of the 
circular fibre, which are well-approximated in weakly-guiding fibres by special symmetric 
combinations [Snyder & Young, 1978] of the degenerate first-order LP scalar modes 
shown in Fig. 2.3. The fundamental vector modes remain degenerate, but the 2 = 1 
degeneracy is split when we include polarization-related effects from (2-13). Even the 
fundamental mode degeneracy can be split by form birefringence if the fibre is slightly 
elliptical [Love et Al., 1979].
When the scalar degeneracy itself is split, for example when a circular fibre 
becomes very elliptical, this split can overwhelm form birefringence so that polarization
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(a) Polarization directions for the first-order vector modes of the step- circular-profile fibre. 
The four modes are given approximately by circularly symmetric scalar mode 
combinations, eox - eey , 6ex - e0y , eox + eey , and 6ex + eQy .
(b) Optical intensity pattern for the four 2 =  1 vector modes in (a).
(c) Transition from the first-order hybrid vector modes of the circular waveguide to the LP 
first-order vector modes of the ellipse.
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FIG. 2.5
(a) Fundamental (£=0) and first-order (F=l) scalar modes patterns for an elliptical 
step-profile fibre. These modes are non-degenerate.
(b) Exact LP vector modes of the ellipse, polarized parallel to the geometric ellipse axes, 
and well approximated by the scalar fields when the waveguide is weakly-guiding ( A «  
1). Form birefringence splits the x and y modal propagation constants in each case.
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coupling by terms on the RHS of (2-13) becomes negligible. In this case, the true vector 
modes are very accurately approximated by the LP scalar solutions of (2-14), as shown in 
in Fig. 2.5 for the elliptical fibre. The smooth vector transition between the degenerate 
hybrid modes and the non-degenerate LP modes is governed by the ratio of propagation 
constant splitting due to the scalar equation (2-14), and due to form birefringence from the 
vector wave equation (2-13). The modal transition from the circular fibre to the elliptical 
fibre is quantified in [Snyder & Young, 1978], (see Fig. 2.4(c),) and shows that very 
slight ellipticity can result in LP modes.
2.3.5 Weakly-guiding isotropic waveguides
The isotropic scalar wave equation, (2-14), and its solutions may be regarded as 
an approximation to "zeroth-order" in A of the exact vector wave equation and its 
solutions. All polarization effects in isotropic waveguides are then considered as 
higher-order effects, weak enough to be ignored when A «  1, so that the transverse field 
components are well-approximated by the LP scalar solutions. This constitutes one of the 
fundamental assumptions of the weak-guidance approach. [Sammut et Al, 1981, Love et 
AL, 1982]
A second approximation arises when we consider the bounds on the propagation 
constant given in (2-18). For small A , nco s  nc8 and the bound mode propagation 
constants must therefore satisfy
ß e knc{ s  knco (2-19)
This is the propagation constant for a forward-directed plane wave in a medium of uniform 
refractive index nco( e  ncfl ). Thus, the modes of weakly-guiding structures must be 
essentially polarized in the transverse plane of the waveguide, and the longitudinal electric 
and magnetic field components are approximately zero to lowest order in A .
We now discuss the accuracy of these two approximations.
For a given waveguide mode, we may denote the exact transverse and 
longitudinal electric field and propagation constant, found from (2-13), by et, ez and ß
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respectively, while the scalar approximations to the transverse field and propagation 
constant found from the (2-14) may be denoted et and ß . We may expand et , ez and 
ß , as well as other relevant physical quantities, e.g. the modal parameter, U, and the (In 
(n2 )) term on the right side of (2-13), as series in powers of A, where the zeroth order 
term in each series is the scalar value assumed in the weak-guidance limit. For example,
et = et + et(1) A + et(2) A2+ ... (2-20a)
(1) (2) 2
ß = ß + ß A + ß A + ... (2-20b)
where superscripts in parentheses denote the order of the correction term, and each 
coefficient is independent of A if all other parameters (e.g. V ) are held fixed. The 
coefficients are found by expanding the wave equation completely in orders of A , solving 
and equating like powers. Using this approach, it turns out [Love et Al, 1982, Snyder and 
Young, 1978] that lowest order terms in the series for ez and hz are of order (A)1/2 , and 
so, in the weak- guidance limit, the z-components of the fields are zero, as expected. Other 
field component correction terms are contained in [Snyder & Love, Table 32-1].
Neglecting form birefringence and the resulting split in propagation constants may 
lead to large errors in the predicted phase in long waveguides, and incorrect predictions of 
power splitting in couplers. By contrast, errors due to neglecting corrections to the 
transverse scalar field approximations remain small and unchanging along the waveguide. 
Thus, if field corrections can be ignored at the start of a waveguide, then they may be 
ignored altogether.
Hence, in practice, the most significant correction to the scalar modal analysis is 
to the propagation constants, and most of this arises in the first-order term in (2-20b). 
Zero-order scalar field results will be used from now on when constructing approximations 
to the true vector modes of waveguides, and the correct combinations may be deduced from 
symmetry, or by consistency of a set of equations involving first-order corrections to ß .
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The difference between the exact propagation constant ß and the scalar 
approximation ß is given by an integral expression over the infinte cross- section, 
obtained from (2-13) and (2-14), which holds exactly for all profiles:
ß2 - ß = J (Vt . et) et . Vt (m n2) dA /  J et . et dA (2-21)
A .  A .
To lowest order in A , using series expansions, it can be shown that 
3/2
P - ß = ■ ^ r e- J  (Vt . et) e , . Vt f dA /  Je* dA (2-22)
A -  A*,
where f is a function describing a generalized refractive index profile :
n2(x,y) = n20 [l - 2A f (x,y)] (2-23)
For step-index profiles, (in which f is a step-function in (2-23)), the area integral in the 
numerator converts to a boundary line integral:
3/2
ß - ß = (2A2y p J(Vt.e,) v t i d u / J e * dA (2-24)
« A -
A ,
where n is the unit outward normal vector at the index boundary, .
This correction depends on waveguide shape and is proportional to (A)3'/2 for 
fixed V and p. It is generally polarization-dependent as well, except where modes are 
symmetric about two orthogonal axes, so form birefringence is proportional to (A)3/2 when 
V is constant. V depends on p and A, so the form birefringence is proportional to 
A/knco in general. For TE modes, which are exact solutions of the scalar wave equation, 
there is no correction.
Because A «  1 in weakly-guiding structures, form birefringence need only be 
accounted for if it causes noticeable beating between otherwise degenerate scalar modes
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over the length of a waveguide. This only occurs if the waveguide is a significant fraction 
(say 1/8) of the form birefringence beat length, which is proportional toV(A}'3/'2 . Vv'h^ r a « l  
therefore, we may ignore form birefringence in couplers, which tend to be short. Also, 
m aterial anisotropy, when present, is usually strong enough to overwhelm form 
birefringence in weakly guiding structures, as we discuss below.
2.3.6 Maxwell's equations for the anisotropic waveguide
In an analogous fashion to the isotropic waveguide, Maxwell's equations for the 
fields in a source-free anisotropic medium (characterised by tensors for the dielectric 
constant and refractive index) may be written:
V X E = - n0H = ik(H</£0)1/2 H (2-25a)
V x H = e E = -ikfEg/n,))1'2 n2E (2-25b)
V . (eE) = e„ V . (n2E) = 0 (2-25c)
V ,( hH) = h0 V .H  =0 (2-25d)
where n2 = n2 (x,y) in a z-invariant waveguide. The electric and magnetic fields may once 
more be written in the separable form of (2-12) and the index tensor is locally diagonal 
when the chosen cartesian component axes correspond to the local material optical axes. 
Other quantities in (2-25) are defined previously.
2.3.7 Vector wave equations in the anisotropic waveguide
Taking the curl (V X) of (2-25a) and using (2-25b) to eliminate H gives
V2E + k2n2E = V . ( V  .E) (2-26a)
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Similarly, eliminating E leads to 
V X [n '2 . (V X H)] = k2H (2-26b)
where n 2 = r r 2 (x,y) is a diagonal tensor with elements na*2 (x,y), nb*2 (x,y), and nz‘2 
(x,y). These are the vector wave equations for the fields on an anisotropic waveguide, and 
are exact for all profiles. We can find the wave equations satisfied by each cartesian 
component of E and H by expanding (2-26):
( v ^ . i [ ( 4 ) | .
/ nrN 9e,
( 1— ) — ^ 4  ab
2 _2 
'  * ‘ ^2 Sb ]
(2-27a)
(vf + k V  - ß%  = ir[OA) A +  I1--?) I T -  ~Teä4 /tnna) - “K  ^ " “b)]3b L 3a ^  3b n2 a3a
(2-27b)
(vf+kVz ß2X  = iß [ ( l - | )  | e a|< « m 2)- - | e b|{ m n 2)]
(2-27c)
(vf+k2n2-ß2)ha=(i4)vfha+4- 0ß\ (44) $ 4(lf - $■) $2 '  1 a v 2 n£ nj 9a n2 3b 3a 9b
(2-27d)
(v; * knJ-ßX - 0 - §W>. * ( | ) » \  * ( | -  |>H y *  | < x -  y )  5- <“ *
(2-27e)
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(2-27f)
These expressions are exact for any profile, provided the fields are decomposed 
into cartesian components parallel to the local optical axes of the material. Note, the fields E 
and H themselves are not necessarily parallel to the local optical axes, particularly if the 
anisotropy varies in magnitude and direction throughout the entire cross-section. Analytic 
solution of (2-27) is therefore possible only in simple cases.
2.3.8 Weakly anisotropic, weakly-guiding waveguides
In this thesis, studies of anisotropic systems are restricted to four- port couplers 
in which the material anisotropy is confined to the two cores, with uniform optical axes 
throughout each core. Furthermore, we only consider weakly-guiding systems in which the 
anisotropy in the refractive index profile is much less than the profile height itself. Thus, if 
we define the "profile anisotropy parameters":
(2-28a)
(2-28b)
(2-28c)
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then the waveguide is "weakly-anisotropic" when 5^ «  A (i,j = x,y,z) and the 
approximate forms may then be used. Note that 5 ^  = 5^ - 8ab .
A convenient, and not unrealistic, assumption is that the refractive index 
components, na2 , nb2 , nz2 are proportional to each other such that na2 /  nz2 and nb2 / 
nz2 are independent of position in the anisotropic region. This always holds in step-profile 
waveguides and holds approximately in weakly-anisotropic, weakly-guiding, 
graded-profile systems with no sharp "bumps" in the refractive index profile for any 
polarization. This allows us to remove the subscripts from the squared index terms inside 
the logarithms on the right hand side, and write fin(n2) instead, since only derivatives of the 
logarithms appear here. Putting this assumption into (2-27), and inserting (2-28), we 
obtain the following vector wave equations for et and ez
(v? + k2n?-ß2)et = - vt{ [28.V,] . et + [25teJ . V^nn2)
+ et . Vt($nn2) } (2-29a)
(vf + k2n2 - ß2)e, = -iß { [25tv j . et + [28te,] . Vt(«nn2)
+ et . V^ain2) } (2-29b)
where 25t = (nt2 - nz2 )/na2 is a 2 x 2 (a,b)-symmetric tensor :
25t = [aa(n 2 - n2) + fefi(n2 - n2)] / n2 = 2 (5azaa + 5bz66) (2-29c)
Corresponding equations exist for the components of H. This wave equation is analogous 
to the isotropic wave equation (2-13), to which it reduces when anisotropy is zero, since 
the tensor o f (2-29c) vanishes. Only (2-29a) interests us from here on, since ez is 
negligible in weakly-guiding waveguides.
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2.3.9 The anisotropic scalar wave equation
The terms on the right side of (2-29) are extremely small in weakly-guiding, 
weakly-anisotropic waveguides, since they all depend on A or 5 , which is much smaller 
again. In fact, the second term involves the product of A and 8, and is negligible 
altogether. Neglecting the terms on the RHS of (2-29), we obtain the scalar wave equation 
for anisotropic waveguides, analogous to (2-14):
( v f + k 2n f - ß 2)e,  = 0 (2-30a)
Note that this is actually a pair of coupled equations which may be rewritten :
(v? + k2i 4  - ß2) e* = -k2n^ yey (2-30b)
(vf + k2nyy - ß2) ey = -k2n,yxex (2-30c)
n xx2 » nxy2 » nyx2 nyy2 are the four components of the 2 x 2  index tensor nt2
e
written with respect to the chosen co-ordinates and are given in (2-3), whereas the angle 
between the (x,y) field decomposition axes and the local optical axes (a,b), say, as shown 
in Fig. 2.6(b) . If the waveguide is isotropic, or if vector decomposition can be effected 
using one set of local optical axes throughout, then the right hand sides of (2-30b) and 
(2-30c) vanish and the two scalar equations de-couple. If the optical axes physically vary 
over regions of the cross-section where non-zero fields are present, then (2-30b) and 
(2-30c) must be physically coupled. Thus non-LP modes may arise from a scalar analysis 
alone, in weakly- anisotropic waveguides with non-uniform optical axes.
In the simplest case, namely a single fibre with a uniform set of optical axes 
throughout the anisotropic core, embedded in an infinite isotropic cladding, as shown in 
Fig. 2.6(a), the two equations decouple when the field decomposition axes co-incide with 
the optical axes. Hence, this system is exactly equivalent to two independent isotropic 
fibres, one with core index na(x,y) and the other with core index nb(x,y), having the same
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FIG. 2.6
( c h
(a) Example of a simple anisotropic fibre - a step-profile circular core of index na for and 
nb for a'PoIarized and b-polarized light, respectively, surrounded by an infinite isotropic 
cladding of index nci . The fibre is weakly-anisotropic when 5ab «  1 and 
weakly-guiding when A «  1, and may be analysed as two independent isotropic fibres, 
a^b A are defined in (2-28) and (2-4) respectively.
(b) Any pair of orthogonal axes may be used for field decomposition, not necessarily the 
optical axes, without changing the physics itself.
(c) Scalar fields, \{/a and \\fb , for the two orthogonally polarized modes may differ, but 
only negligibly in weakly anisotropic fibres.
(d) Periodic evolution of the polarization state along the fibre when plane- polarized light is 
launched at an angle to the axes.
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radius and same uniform cladding index n c, . The two orthogonally polarized solutions of 
(2-30) are therefore independent modes :
Ea(x,y ,z) = ea(x,y)elßlZ = ä\|/a(x,y)eßiZ (2-3 la)
Eh(x,y,z) = eb(x,y)e ßb = 6\|/b(x,y)e ßb (2-31b)
where ßa and ßb are the propagation constants for the solutions \|/a(x,y) and \|/b(x,y) 
of the isotropic scalar wave equations for the equivalent fibres. In an arbitrary anisotropic 
waveguide, \|/a differs from \{/b, as shown in Fig. 2.6(c). If the fibre is only
in
weakly-anisotropic, as in cases treatec^this thesis, the spatial field distribution is essentially 
the same for both polarizations.
Launching light into the fibre at an angle to the optical axes excites both of these 
modes, which will then propagate independently, and periodically fall into and out of 
phase. Periodic beating of the polarization state from its initial state to intermediate elliptical 
states and back takes place on a length scale LB = 2tt/ lßa - ßb I, as shown in Fig. 2.6(d). 
The more anisotropic the fibre is, the shorter is this so-called "birefringent beat length". In 
section 2.4, we show that LB varies inversely with 8 to lowest order.
2.3.10 Polarization effects in anisotropic waveguides
Coupling between the orthogonal components of the transverse electric and 
magnetic fields is caused by terms on both the left and right sides of (2-29), unlike the 
isotropic vector wave equation (2-13) in which only the right side contains coupling terms. 
Even in weakly-guiding anisotropic waveguides, where geometric birefringence would be 
negligible in the isotropic limit, material birefringence still appears on both sides of the 
equation.
The material birefringence terms on the right hand side are very small in 
weakly-anisotropic waveguides, and depend on the shape and anisotropy of the 
birefringent region in relation to the modal fields themselves. They mimic the isotropic
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geometric contributions, in that they are closely associated with field and index gradients at 
boundaries, albeit in a skew sense.
The anisotropy also appears on the left side in the index tensor, which couples the 
components, since nt2 et is not parallel to et unless et is polarized along the optical axes 
everywhere. This is not generally the case, especially if the optical axes themselves vary 
with position in the cross-section, as in the birefringent couplers to be examined in Chapter 
5.
Thus, the coupling between transverse field components is more complex in the 
anisotropic waveguide generally, with three contributing factors :
1. Material anisotropy - axes and magnitude,
2. Geometry of the index boundaries,
3. Geometry of the anisotropic region.
Of these, the first is by far the most important if it exists at all. These contributions may 
arise in the same sense, if the axes are co-incident, but this need not be so. Fig. 2.7 shows 
a more complicated possibility - an elliptical waveguide with a dumbell-shaped anisotropic 
region. The optical axes of the system, namely the birefringent axes, the ellipse axes and 
the dumbell axes, all differ. An inseparable fourth effect, not mentioned, is the shape of the 
field itself, which also appears in the terms on the right of (2-29). Consistent solutions for 
the vector modes depend on the birefringence contributions from the right side of (2-29), 
which depend in turn on the fields and so on. Thus, overall birefringence will differ from 
mode to mode.
Polarization coupling between two scalar modes due to the small terms on the 
right hand side of (2-29a) is only observable if two conditions occur:
1. The material cross-coupling terms on the right of (2-30) are smaller than or 
comparable to those on the right of (2-29a), and
2. The scalar split in modal propagation constants due to material birefringence, 
determined by the on-diagonal tensor elements on the left side of (2-29) and (2-30), is 
smaller than or comparable to the vector split due to form birefringence determined by the 
elements on the right of (2-29a).
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Birefringent Waveguide
Geometric Axes - Outer Boundary
Anisotropic Region Geometric Axes
Material Anisotropy Axes
FIG. 2.7
Three sets of optical axes in a generalized birefringent waveguide corresponding to the 
shape of the isotropic and anisotropic index boundaries and the material anisotropy itself.
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Condition 1 can only occur in nearly-isotropic waveguides, or when the optical 
axes of the anisotropic waveguide are almost uniform throughout, and field decomposition 
is performed along the optical axes, otherwise the material cross-coupling terms on the 
right of (2-30b,c) will dominate. Condition 2 is analagous to the scalar degeneracy 
requirement for hybrid vector modes in an isotropic waveguide - the scalar modes must be 
almost degenerate, otherwise the scalar split will be much larger than the form birefringence 
coupling the modes, and the modes will be determined by the scalar equation (2-30) alone.
To satisfy both conditions simultaneously requires an almost-isotropic waveguide 
with almost-uniform optical axes, in which case the isotropic analysis usually suffices. 
From now on, therefore, we ignore the remaining terms on the right hand side of (2-29a), 
since they only give rise to tiny corrections to the scalar fields and propagation constants, 
and we analyse weakly-guiding weakly-anisotropic waveguides using the scalar equation 
(2-30).
2 .4  THE PERTURBATION APPROACH 
2.4.0 Perturbation results in the scalar regime
Optical fibre couplers which function by evanescent cross-talk between the 
consitituent fibre cores, and birefringent fibres which exhibit periodic length variations in 
the polarization state, both experience beating between two or more of their normal modes. 
This beating takes place on length scales much greater than the optical wavelength, and is*a 
very slow variation in the optical sense, resulting from a very small relative difference 
between the propagation constants of the normal modes involved. In a sense, the main 
effect of one fibre on another in an evanescent coupler, or the effect of anisotropy in a 
birefringent fibre is to slightly perturb the propagation constants of one or more of the 
normal modes from some "unperturbed value".
In an anisotropic fibre, the unperturbed propagation constant is simply that of a 
corresponding isotropic fibre with a core index equal to either of the core indices for the 
orthogonal polarizations. If the anisotropy is reduced to zero, the propagation constants of 
the orthogonally polarized normal modes converge to the same value. In the case of the 
evanescent coupler, moving the fibres apart increases the beat length for cross-talk,
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isolating the fibres in the limiting case, indicating that the unperturbed propagation 
constants are those of the individual fibres. It is intuitive that, in weakly-guiding cases, the 
corrections to the unperturbed propagation constants are obtainable using a first-order 
scalar analysis.
Because the perturbations are very weak, we may approximate the normal modes 
o f perturbed weakly-guiding waveguides by combinations of the unperturbed scalar 
modes, since any field errors introduced by this approximation remain small along the 
waveguide. The correct combinations are deduced from consistency conditions arising 
from the perturbation analysis. Thus, the only required corrections to the scalar results for 
the unperturbed waveguide involve the propagation constants, since the resulting 
cumulative phase differences along the fibre are the principal physical feature of the 
perturbed waveguide.
Consider, therefore, an arbitrary weakly-guiding waveguide, e.g. a coupler, 
which is characterized by an index profile n(x,y), and supports a normal mode whose 
transverse electric and magnetic fields may be written in the separable form of (2-6):
The spatial variation of e(x,y) and h(x,y) can be represented by \|/(x,y), where \y(x,y) is 
a solution of the scalar wave equation for the perturbed waveguide:
The profile n2(x,y) differs little from the unperturbed profile n2 (x,y) of a weakly-guiding 
waveguide whose transverse fields may be written in the form :
E(x,y,z) = e(x,y)elßz ; H(x,y,z)= h(x,y)elßz (2-32)
(V2 + k2n2(x,y) - ß2) y(x,y) = 0 (2-33)
E(x,y,z) = e(x,y)elßz ; H(x,y,z) = h(x,y)elßz (2-34)
where bars denote unperturbed quantities. The spatial part of the unperturbed field may be 
represented by y (x ,y ) which is a (known) solution of the scalar wave equation for the 
unperturbed waveguide :
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(V“ + kV (x ,y) - ß ) y(x,y) = 0 (2-35)
where ß is the unperturbed propagation constant.
If we multiply (2-33) by \j7 and (2-35) by \ | / , subtract, integrate the result over 
the infinite cross-section, AM, and use Green's theorem around the infinite outer boundary, 
we obtain a relationship between the known and unknown propagation constants in terms 
of the known and unknown scalar fields :
where k = l i z f k  as usual. Evaluation of (2-36) requires the unknown field distribution, 
\\r. Hence, this method is only suitable if \\r (x,y) can be expressed in terms of one or more 
known mode fields \|/(x,y) of the unperturbed system(s), or if it can be "guessed" by some 
other technique (see below).
Assuming weak guidance and weak perturbations, we may make several 
simplifying assumptions. First, we know that ß and ß are nearly identical, so
where nco is the assumed maximum value of the refractive index in both the perturbed and 
unperturbed waveguides. Also, weak-guidance tells us :
(2-36)
ß2 - ß2 = 2knco (ß - ß) (2-37a)
(2-37b)
so that (2-36) becomes
(2-38)
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This is a general expression, accounting for perturbed fields which differ markedly from 
the unperturbed fields, e.g. in an evanescent coupler, where the perturbed fields are 
constructed from combinations of unperturbed scalar modes of two or more fibres. If a 
single fibre is subject to a slight perturbation, then \j/ is almost the same as the unperturbed 
field \j7 , so (2-38) gives:
ß - ß s k  J ( n - n ) v 2 d A / j V d A  (2-39)
In this case, if the perturbation is a uniform change, 5n, in refractive index over a 
finite area, Ap , say, then from (2-10), the fraction, riAp , of the total power in the 
unperturbed mode propagating in this region is given by
iiAp= [ v d A / J / f d A  (240)
Ap A»
Hence, for this type of perturbation, (2-39) gives
ß - ß = k r | Ap5n (241)
The change in the propagation constant varies to first order with the change in refractive 
index over the perturbation region, in such cases. This result applies to weakly-anisotropic 
fibres discussed below in subsection 2.4.2.
Several techniques exist for solving (2-36), (2-38) and (2-39) in perturbed 
waveguides. The simplest and most intuitive method is to deduce the unknown modes from 
symmetry principles, given a general idea of what the mode must look like. This technique 
applies to symmetric evanescent couplers, such as the six-port couplers treated in the 
following chapter. Care is needed with this approach, as there is no guarantee that the 
unknown form inserted into (2-38) is in fact the correct one, since a value for ß - ß will 
still result.
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If the perturbed waveguide is a composite structure of several familiar 
waveguides, then each in turn may be treated as the unperturbed waveguide, thus yielding 
several equations of the form of (2-38). Generally, the unknown modes are then 
constructed from the unperturbed modes and the system of equations is solved to yield 
consistent sets of modal amplitudes and matching propagation constants. This is the 
technique used for asymmetric evanescent couplers.
Variational techniques [Love and Hussey, 1984; Henry and Love, 1985] are also 
used in more complicated situations. A "trial field" is inserted into (2-38) or (2-36), using a 
set of parameters which are each varied until turning points are found in the variation of the 
resulting propagation constants. The resulting field is thus optimized, subject to the 
constraint imposed by the trial form. This is only necessary if simple scalar techniques are 
insufficient, e.g. in strongly-guiding waveguides, and is not used in this thesis. We now 
consider simple scalar perturbation theory as applied to evanescent couplers and anisotropic 
fibres.
2.4.1 Optical fibre couplers
In order to apply the first-order scalar perturbation analysis to optical fibre 
couplers, and to approximate their modes by linear combinations of the fibre scalar modes, 
we are restricted to couplers in which the bound fields are isolated from the 
strongly-guiding outer glass-air boundary, and the cores are almost isolated from each 
other, so that only slight evanescent field overlap occurs. Hence, we concentrate on 
polished-type (lapped) couplers and weakly-tapered fused couplers, like the four-port 
couplers shown in Fig. 2.2, in which the well-separated fibre cores remain the dominant 
guiding region.
Accordingly, we model the evanescent 2 x 2  coupler as a parallel pair of 
weakly-guiding cores, electromagnetic ally well-separated in an infinite, isotropic cladding 
of refractive index ncß . A simple example used in our model (see Fig. 2.8) is the circular 
step-index core with core index n^, radius p and normalized frequency parameter V. Each 
fibre in isolation of the other is single-moded unless otherwise stated.
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FIG. 2.8
General model of the weakly-guiding evanescent coupler consist two circular fibres of
index n^ in an infinite cladding of index nca .
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By using this model, we are restricting our attention away from more strongly 
fused and tapered couplers. Conceptually, however, all fibre couplers function in the same 
manner, by the beating between normal modes of the system and consequent lateral 
rearrangement of propagating power, as described in subsection 2.2.1. Scalar perturbation 
analysis simply gives a quantified estimate of coupling beat lengths, cross-talk, output 
phase and so on, in the special case of weakly-guiding, weakly-coupled, single-mode 
fibres.
When the fibre cores are identical, symmetry of the system, inherent in the scalar 
wave equation (2-33) for the coupler, dictates that the scalar normal modes are even or odd 
about the geometric axes of the coupler. Since the cores are weakly-coupled, we may 
approximate the normal modes of the coupler by superpositions of the normal modes of 
each individual fibre :
where \j/1 (x,y) and \j71 (x,y) are the fundamental scalar mode distributions in the 
unperturbed fibres, 1 and 2, respectively. Any polarization direction is permitted for each 
normal mode in the scalar regime.
This superposition of fibre modes applies to weakly-coupled multi-fibre arrays of 
any size but the approximation breaks down when the fibre cores are too close, because 
each fibre does not then constitute a slight perturbation on the other for the purposes of 
(2-36) and (2-38) [Ankiewicz et AL, 1986]. In the infinite separation limit, however, the 
normal coupler modes in (2-42) are perfectly accurate and the propagation constants, ß+ 
and ß- , say, should reduce to the unperturbed value, ßj (= ß2) , since the fibres are 
physically isolated from each other. In this limit, any combination of the two normal 
modes, including the individual fibre fields \|q and \|/2 » are valid normal modes of the 
composite structure.
\|/+(x,y) = \|f1(x,y) + \|/2(x,y) (242a)
T(x,y) = V1(x,y)-V2(x,y) (242b)
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Between these limits, the scalar degeneracy is split, so- that only the modes in 
(2-42) are valid normal modes, and each propagates independently :
If we denote the unperturbed fibre propagation constant by ß and the index profiles of the 
two fibres by tij (x,y) and n2 (x,y), and write the perturbed index profile of the composite 
structure as n (x,y), then (2-38) gives
where the numerator is Wiy over core 2 or 1, the denominator is evaluated over the 
entire cross-section. The simplifications used to obtain (2-44c) are outlined in [Snyder & 
Love, 1983, Ch. 18].
If we launch light into one fibre of the coupler at z = 0, we excite both normal 
modes, as shown in Fig. 2.9(a) :
E+(x,y,z) = e+(x,y)elß z (243a)
E'(x,y,z) = e-(x,y)elßz (243b)
ß+ = ß + C (244a)
ß- = ß - c (244b)
where C is the "coupling constant" and is given, after simplification, by :
(244c)
2 \|/1(x,y) = \jf(x,y)+y-(x,y) (245a)
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2 y 2(x,y) = ¥ +(x,y) - T(x»y) (245b)
As the two modes propagate, they periodically fall into and out of phase, and the spatial 
field distribution alternates between the two form s in (2-45), (see Fig. 2.9(b)), so that 
pow er swaps back and forth between the fibres.
In particular, if  pow er is launched into fibre 1 at z = 0, the field at position z along 
the coupler is
E(x,y,z) = e+(x,y) + e-(x,y) e1^ 2
«= e1^ 2 { Y1cos(Cz) + i\|/2sin(Cz)} (246a)
The above expression holds for a z-invariant coupler. I f  there are z-variations, modal 
phases accumulate along the coupler, so phase factors become integrals :
ij* ß dz
E(x,y,z)~ e°
0 0
(246b)
This assumes that the fibres are identical throughout, and that the coupler is slowly varying 
so that the "local mode" description applies [Snyder, 1965]. In rapidly varying couplers, 
the m ode invariant, ß , has less sicpi^icntttand the modes of the system interact (couple) 
along the coupler. The field variation in (2-46) is actually beating, and causes pow er to 
oscillate between the fibres :
cos2(Cz) or PLN cos2( J  C . dz)
o
P^  = PLN sin2(Cz) or P^ sin2(J" C dz)
o
(247a)
(247b)
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FIG. 2.9
(a) Excitation of the two normal modes, \j/+ and y  , by light launched into one of the 
fibres.
(b) Resultant field when the two modes excited in (a) are exactly tu radians out of phase, 
further along the coupler. The patterns in (a) and (b) recur every evanescent beat length 
along the coupler.
Field Intensity in Coupler Cross-sections
FIG. 2.10
Patterns of the field intensity at the quarter beat length positions, in both the evanescent 
coupler and the strongly fused or tapered pair of fibres, for comparison. The principle is 
the same in each case.
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The length scale for power transfer from one fibre to the other and back again is given by 
7c/C, and increases with increasing fibre separation. Equal power exists in each fibre when 
the accumulated phase between the normal modes is ± tt/2, mod(27t), and the total power 
is found in one or other of the fibres when the phase difference is an integral multiple of 
k . This applies also to the corresponding normal modes of strongly fused or tapered 
couplers, and the analogy is shown in Fig. 2.10.
For the coupler made from two identical circular step-profile fibres of radius p , 
profile height parameter A , propagation parameters (see (2-17),) U, W, and V, and core 
to core axis separation d, the coupling constant derived from (2-44c) can be shown to be :
, s (2&)m  TT2 Kn(Wd/p)
C(v, d/p) = 1L 0 (248)
p  V K,(W)
where Kq and Kt are modified Bessel functions of the second kind.
Complete power transfer occurs only between identical fibres, since this is an 
exact resonance condition. For very different fibres, the normal modes of the composite 
system are simply the modes of die individual fibres (see Fig. 2.11(a)) and no power 
transfer takes place. For slightly different fibres, perturbation theory shows that the modes 
are approximated by asymmetric combinations of the fibre modes. There is a smooth 
transition between modes of the limiting forms (see Fig. 2.11(b)). Power transfer in 
transition cases is still sinusoidal but incomplete, and occurs on a shorter length scale. The 
more different the fibres, the shorter the beat length and the less cross-talk there is between 
them. Expressions analogous to those above, for a pair of non-identical fibres, are given in 
[Snyder & Love, 1983, Ch. 18].
It is interesting to note that this principle of resonance can be carried through to 
more complicated coupler structures such as the three-core coupler. In that case, if the 
coupler is symmetric about one axis, two of the fibres may be treated as a single subsystem 
within the structure, and when resonance occurs between this and the other fibre, complete 
power transfer between the subsystems may take place. Far from resonance, the modes of 
the whole structure are simply those of the individual subsystems, as in the two fibre 
coupler with different fibres. We examine this in detail in Chapter 3.
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FIG 2.11
(a) Lowest order normal scalar modes of the coupler consisting of very non-identical 
fibres, given by the individual fibre modes.
(b) Transition from the identical fibre coupler to the non-identical fibre coupler and the 
resulting mode pattem transition.
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Another resonance which may occur in couplers with three or more fibres is 
degeneracy between two or more of the scalar modes. This is not seen in the two fibre 
coupler, since the two modes are always non-degenerate for finite fibre separation. In the 
equilateral array of three identical fibres, two of the modes are degenerate, and are coupled 
by form birefringence from the right side of the vector wave equation, as discussed in 
Section 2.3. The polarization patterns of the hybrid modes are uniquely determined, and 
this is discussed in detail in Chapter 4. In such cases, errors in power or phase resulting 
from the scalar analysis are of little consequence over the length of typical couplers, since 
the form birefringence beat length is usually much longer.
2.4.2 Anisotropic fibres
A simple model for a weakly-guiding, weakly-birefringent fibre consists of a 
circular core, with slightly different refractive indices for the two polarization states, 
embedded in an infinite isotropic cladding, as shown in Fig. 2.6. The difference may be 
caused by stress, say, inherent in the fibre structure. The propagation constants for the 
orthogonally polarized fundamental modes differ slightly, and this difference is 
approximated in (2-41), derived from the decoupled scalar wave equations for the two 
polarization states. (2-41) only applies if the difference in the core indices is small enough 
that the two modal field distributions themselves are virtually identical, i.e., if the fraction, 
T[ , of power propagating in the core is the same for each mode.
Where larger anisotropy is present, the fundamental mode patterns and 
propagation constants differ significantly, and the difference does not vary linearly with the 
core anisotropy. Direct solution of the scalar wave equation for the circular fibre gives ß as 
a function of core index, or U as a function of V, equivalently [Snyder & Love, 1983, Fig. 
14-4] and the resulting variation, shown in Fig. 2.12, is only linear with index locally.
The perturbation expression (2-41) predicts that dß/dn should be proportional for 
each index, to the core power fraction, rj, which monotonically approaches unity as core 
index increases, for a given fibre geometry. This is clearly not the case in general, since the 
slope in Fig. 2.12 peaks at a finite value of the index, and decreases thereafter as n 
increases. Only when the core-cladding index difference is small, (A «  1) is (2-41) valid.
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FIG 2.12
Fundamental mode propagation constant varies non-linearly with core index in a circular
fibre, as does birefringence. Weakly-anisotropic fibres possess birefringence is 
proportional to anisotropy.
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From (2-41), the birefringent beat length is :
t _ 2x 2k _ k
Ißa-ß b l ( k T |ln a -  n j )  i i n j s j
(249)
where the profile anisotropy parameter 5ab is defined in (2-28). The fibre acts as in the 
same manner as a bulk optic retardance device, with retardance equal to 2kL/Lb , where L 
is the fibre length. Obviously, since the fibre can be any desired length, the retardance and 
its environmental sensitivity may both be extremely large, making such fibres useful in 
sensing devices.
The orthogonally polarized modes of a birefringent fibre are coupled physically 
by perturbations in the fibre along its length, such as bends, twists and externally imposed 
stress at an angle to the optical axes. External stress applied parallel to the optical axes 
merely reinforces or reduces the birefringence. To couple the modes, such perturbations 
have to occur on length scales smaller than, or comparable to, the birefringent beat length. 
This is analogous to the geometric coupling of almost-degenerate scalar modes of a fibre, 
which gives rise to hybrid modes - when the scalar degeneracy split is large enough, 
coupling between scalar modes does not occur. If the fibre birefringence is sufficient, the 
split in the degeneracy of the orthogonally polarized modes is too large for externally 
applied perturbations to couple them, (i.e. there is no resonance between the birefringent 
modes and the external perturbations) and the modes propagate undisturbed.
This is the reason why the designers of polarization-maintaining fibres try to 
maximize the birefringence, subject to other considerations, such as brittleness of the 
stressed fibre preform s. B irefringent fibres are therefore characterised by their 
polarization-holding ability, over a given length, with one figure of merit being the "h 
param eter". This is defined by m easuring the tim e-averaged amount of power 
cross-coupled to the unwanted polarization state from a given input polarized parallel to one 
optical axis, after distance L :
^  ^ UNWANTED''* 1 “ e ^ (2-50)
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Clearly, depolarization is inevitable in the long run, but the better the fibre design, the 
longer the length scale for this to occur.
In coherent systems, and the like, polarization preservation is also required in all 
passive components, such as couplers, used in the system. It is intuitive that in birefringent 
couplers, if the two fibres are arranged with their optical axes misaligned, there is the 
opportunity for one to act as a physical perturbation on the other causing depolarization of 
the fields. The length scale of any perturbation is related to its physical cause, and in the 
case of a coupler, it is due to the evanescent beating between the modes. Therefore, we are 
interested in the resonance between the intrinsic fibre birefringence with its length scale LB 
=  2tz /(ßa - ßh ) and the perturbation length scale Lc = n/C due to evanescent beating.
Clearly, the greatest depolarizing effect in birefringent couplers must occur when 
the optical axes are misaligned by 45° and the ratio of the evanescent and birefringent beat 
length scales is close to unity. Performance of a polarization-preserving coupler is optimal 
when the optical axes are aligned and the birefringent beat length is much shorter than that 
due to evanescent beating. This is examined in detail in Chapter 5.
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CHAPTER 3
SCALAR MODES OF SIX-PORT COUPLERS
3 .0  INTRODUCTION AND BACKGROUND
Considerable effort has been directed in recent years towards the understanding, 
design and fabrication of multiple-waveguide optical couplers and splitters [Kale, 1986, 
Haus and Molter-Orr, 1983, Hardy and Streifer, 1986, Stevenson and Love, 1986]. In 
particular, optical couplers consisting of three parallel, single-mode waveguides are 
receiving close attention due to the growing number of potential applications in such 
diverse areas as coherent detectors and receivers [Davis et Al, 1986, Stephens and 
Nicholson, 1987], interferometers [Sheem, 1981, Koo et Al, 1982], double ring 
resonators [Abd-el-Hamid and Davies, 1989], and beam shifters, samplers and filters in 
integrated optics [Haus and Fonstad,1981].
Experimentally, three-channel waveguides have been manufactured from GaAs 
for possible integrated optics applications [Donnelly et Al, 1983], and from single-mode 
optical fibres [Davis et Al, 1986] for coherent applications. On the theoretical side, both 
planar [Hardy and Streifer, 1986, Donnelly, 1986] and optical fibre [Sheem, 1981, Kale, 
1986, Stevenson and Love, 1986] six-port couplers have been investigated in various 
applications, although most effort to date appears to have been directed towards the 
analysis of slab waveguide couplers.
The purpose of this chapter is to provide a basic understanding of how six-port 
optical fibre couplers work and how non-ideal characteristics affect the output fields, 
powers and phases. The work is partially motivated by the work undertaken both at 
Standard Telephone Laboratories in England [Davis et Al, 1986] and at Telecom Australia 
Research Laboratories [Nicholson, 1986, Stephens & Nicholson, 1987] to develop 
coherent ASK detectors for optical fibre systems, employing six-port fibre couplers at the 
receivers. Since ideal couplers may prove difficult to make, the analysis of non-ideal 
couplers is necessary to determine system performance and error tolerances.
There are essentially two ways to analyse propagation along multifibre 
waveguides, both of which have been applied to four-port, single-mode couplers [Snyder
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and Love, 1983]. One approach examines the interaction between the fundamental mode of 
each waveguide using a set of coupled mode equations to determine the relative amplitude 
and phase of each fundamental mode [Snyder, 1972] . This has already been adopted for 
the three-guide coupler [Sheem, 1982, Hardy and Streifer, 1986, Kale, 1986].
The alternative is to construct the normal modes of the composite 
multi-waveguide structure [Snyder & Young, 1978]. Because a normal mode is, by 
definition, the natural state of electromagnetic vibration in the waveguide, this approach is 
more physically intuitive than treating the coupling between individual eigenstates of each 
fibre. The normal mode approach has already been used in an attempt to derive the field 
amplitudes and polarizations of the three lowest-order modes of the sixport coupler [Black 
et Al, 1987].
In this chapter we determine the three scalar normal modes of arrays of three 
fibres, with and without tri-axial cross-sectional symmetry, and use linear combinations of 
these modes to analyse different excitation situations. In Chapter 5, we complete our 
description of the six-port coupler by deducing the six lowest-order vector modes.
3 .1  A PHYSICAL DESCRIPTION OF EVANESCENT SIX-PORT 
FIBRE COUPLERS 
3.1.0 Ideal And Non-ideal Couplers.
In its simplest form, the six-port fibre coupler consists of three optical fibres, 
with input and output ports labelled 1 to 6 in Fig. 3.1(a), and whose cores are in close 
proximity to allow light transfer from one fibre to another. This may be realised with a 
fused-taper design for example (see Fig. 3.1(b)). Light is launched into one or more of the 
three input ports 1,2 and 3 may, propagates through the intervening coupling region, and 
emerges from any or all of the three output ports 4,5 and 6. The length, cross-sectional 
geometry and refractive-index profile of the three-fibre coupling region determine the 
output fields from a given input field. In this chapter we model the coupling region and 
analyse the propagating fields.
An "ideal" six-port coupler may be defined as one whose refractive index profile 
possesses three axes of symmetry in cross-section, like an equilateral triangle, i.e. the
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CORES
F ig . 3 .1  :
The six-port coupler.
(a) Schematic . Three coupled fibres, three inputs, three outputs.
(b) Example: The fused-tapered six-port fibre coupler.
(c) Fused coupler cross-sections : Ideal fused six-port coupler.
(d) Fused coupler cross-sections : Non-ideal fused six-port couplers.
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cross-section at each position will look the same after a 120’ rotation about the longitudinal 
axis. A simple example is three identical circular fibres arranged at the vertices of an 
equilateral triangle. In the taper and waist of an "ideal” fused fibre coupler, the cross- 
section of the coupling region may assume any of the forms shown in Fig 3.1(c).
Figure 3.1(d) shows several examples of possible "non-ideal" cross-sections, in 
this definition. Such couplers are only non-ideal in certain contexts, e.g. coherent systems. 
Errors in fibre separation or in their uniformity, or even in the shape of the outer boundary, 
may lead to undesirable values of phase and power at the three output pons, and 
consequent degradation of system performance. In this thesis, for the sake of convention, 
only a coupler with equilateral symmetry in cross-section is termed "ideal".
3.1.1 Model for the Six-port Coupler
Using a simple model to describe the general six-pon coupler, and determining its 
normal scalar modes, we aim to predict the gross light-guiding properties of all six-pon 
couplers. We will examine the behaviour of couplers with various physical perturbations 
from an ideal configuration such as those shown in Fig. 3.1(d). In panicular, we seek 
order-of-magnitude estimates of the fields, power and phase relationships in the coupler, 
and an idea of the relative imponance of the different imperfections in non-ideal couplers.
Our model should reflect the true physical nature of the coupler, but the 
complicated structure of the coupling region means that finding the normal modes is 
impracticable in all but the simplest of cases. For example, the fused and tapered coupler 
shown in Fig. 3.1(b) varies in orientation, dimension and shape as we progress through 
the coupling region. The coupler may even be so tapered that the strongly-guiding 
cladding-air boundary takes over from the weakly-guiding fibre cores in the taper waist as 
the dominant light-guiding region, requiring a modification to any scalar mode description.
Nonetheless, we adopt a simple model which is the three-fibre analogue of the 
evanescent two-fibre coupler model, described in the previous chapter, since a scalar 
perturbation technique may then be applied. Our model, shown in Fig. 3.2(a), consists of 
three circular cores of slightly higher refractive index than the infinite, isotropic, uniform 
cladding surrounding them. To apply the scalar perturbation method, the cores must be
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electromagnetically well- separated (weakly-coupled), otherwise a more sophisticated 
analysis is needed.
We restrict our attention in this chapter to the lowest-order scalar normal modes of 
arrays of single-mode fibres, and consider polarization effects due to form birefringence in 
the next chapter. Thus, the normal modes depend only on the relative positions and 
properties of each fibre core. By "lowest- order” normal modes, we mean those which can 
be approximated as a superposition of the fundamental modes of each fibre in isolation. An 
array of N single-mode fibres can support up to N scalar normal modes, since all N fibres 
may be excited independently at the input. Thus, we treat three scalar normal modes here.
In this chapter and the next, we assume adiabatic tapers, so that the local-mode 
desription [Snyder, 1965] applies, and the three fibres may be treated as uniform and 
parallel when we model the coupler.
The local mode description breaks down when waveguide variations give rise to 
coupling between a given normal mode and other modes. The normal modes may couple to 
higher-order coupler modes, with resulting radiation and loss, due to the taper being locally 
too steep. They may also couple among themselves, altering the power and relative phases 
at the outputs, due to local asymmetries in the fibre array in the coupling region. 
Adiabaticity requires the length scales for such variations to be much longer than the beat 
length between the modes which may couple. The beat lengths between the three normal 
modes are very long near the edges of the coupling region, so any disturbance to the array 
at these places is likely to be non-adiabatic.
The evanescent model applies to polished couplers and weakly tapered fused 
couplers, where core size is essentially unaffected, and the outer cladding-air boundary 
shape has negligible effect on the modes. It applies in a qualitative sense to fused-taper 
couplers, provided the taper is adiabatic, since the independent normal modes then retain 
their identities, even as they evolve within the coupler to cladding-guided modes and back 
to core-guided modes.
In Fig. 3.2(b) and 3.2(c), we model the two non-ideal characteristics to be treated 
in this chapter : unequal core separation and unequal core radius. These may occur 
separately or simultaneously (Fig. 3.2(d)). We concentrate on fibre arrays with one axis of
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Fig. 3.2 :
Six-port couplers with symmetric cross-sections.
(a) Ideal six-port coupler model : Equilateral array of identical circular cores, parallel and 
uniform in an infinite isotropic cladding.
(b) Non-ideal coupler : isoceles array of identical fibres.
(c) Non-ideal coupler : equilateral array with one fibre different.
(d) Non-ideal coupler : isoceles array with apex fibre different.
symmetry for several reasons. It simplifies the analysis by reducing the number of 
variables to one for each non-ideal characteristic we wish to model, we can compare the 
effects of symmetric and asymmetric excitation at the input, and the order-of-magnitude 
results obtained apply also to asymmetric couplers with similar imperfections.
3.1.2. Normal Modes of the Ideal Six-Port Coupler.
In the previous chapter, we saw that in a weakly-guiding array of weakly-coupled 
single-mode fibres, the scalar normal modes are approximated by superpositions of the 
fundamental scalar modes of each fibre in isolation :
N
\|/(x,y,z) = exp^ß2] ^  a. \jf(x,y) (3-1)
j = i
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where there are N fibres, (Xj are modal amplitude constants, and \j7j (x,y) is the 
unperturbed scalar mode of fibre j (j = 1,...,N) in isolation from the others. Using a scalar 
perturbation technique, together with conditions for mode orthogonality and consistency of 
solutions, we may derive the correct amplitude constants and propagation constant, ß, for 
each mode from the propagation constants ßj (j = 1,...,N) of the fundamental modes of 
the isolated fibres. This is done in Section 3.2 for both ideal and non-ideal six-port 
couplers.
Physical arguments alone are sufficient to deduce modal amplitude constants, cc^ , 
for certain symmetric arrangements of fibres in a coupler. (Some analysis is usually 
required to calculate the propagation constants.) This can later be used to confirm the 
validity of the analytic results.
For the ideal six-port coupler shown in Fig. 3.2(a), symmetry dictates that the 
three lowest-order normal modes must be either even or odd about any of the three 
symmetry axes of the coupler. An obvious even mode is the sum of the fundamental modes 
of each fibre, with equal amplitudes in all three cores, as shown in Fig. 3.3(a), since this is 
symmetric about all three axes. It will be shown in later analysis that the propagation 
constant for this mode is ß + 2C, where ß is the propagation constant of the fundamental
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Fig. 3.3 :
The three lowest-order scalar normal modes of the six-port coupler :
(a) Normal mode field amplitudes as superpositions of the fundamental modes of the isolated 
fibres.
(b) Intensity patterns evolving as the fibres coalesce to a circular waveguide in the waist of a 
fused-taper coupler - cladding guidance takes over from core guidance as the cores shrink and the 
coupler modes reduce to the three lowest order circular modes.
m ode o f each fibre, and C is the coupling constant between each pair o f the three fibres. 
(This compares to ß + C for the even mode of a two-fibre coupler.)
Another obvious mode, also shown in Fig. 3.3(a), is the odd mode about any one 
of the three axes, which has zero amplitude in the "apex" fibre in the triangle, and equal and 
opposite am plitudes in the tw o "base" fibres. From  our know ledge o f the two-fibre 
coupler, the propagation constant for this odd mode m ust be ß - C, since the "apex" fibre 
can have no influence on this mode.
This leaves one other low est-order scalar norm al mode to deduce in the ideal 
coupler to com plete the set of three. Clearly, we may rotate the odd mode by 120° so that it 
is odd about another o f the three axes, and call this a mode also. W hile equally valid as 
modes, and degenerate, these two fields are not m utually orthogonal, and so can not both 
be included in the same basis set o f modes as the modes must be independently excitable. 
W e choose to normalise the modes to simplify the pow er transfer calculations later on. The 
orthonormality condition for two modes \|/j and xj/j is expressed as :
fy <j>. dA = 8 j. (3-2)
J
A .
w here 8 ^ is the K ronecker D elta, and in tegration  is perform ed over the infinite 
cross-section, AM. The hats A indicate that the modes are normalised.
The odd mode mentioned above, and the orthogonal mode required to complete 
the set of three low est-order modes, m ust be degenerate, since the rotated version of the 
odd mode must be able to be constructed from the odd mode itself and the unknown mode. 
The unknow n mode can therefore be constructed from  the odd mode and a 120° rotated 
version thereof. The required mode is also shown in Fig. 3.3(a) and is even about the x
/S /N
axis. W e now write the three ideal coupler modes Xj/j , M/2 and 11/3 in the formalism of
(3-D:
6 2
fy1(x,y,z) = exp[i(ß + 2C)z] {y a(x,y) + y b(x,y) +Y c(x>y)}
(3-3 a)
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<jjr2(x,y,z) = exp[(ß - c)z] { 2\|/a(x,y) - yb(x,y) - yc(x,y)} /  ^ 6* (3-3b)
ty3(x,y,z) = exp[i(ß-C)z] {\j/c(x,y) - yb(x,y)} /  /2  (3-3c)
The normalising factors are chosen so that (3-2) holds, assuming that the unperturbed 
modes \j7a , \j?b and \j?c , of the isolated fibres are already normalised.
Fig. 3.3(b) shows qualitatively the evolution of each normal mode in an 
adiabatically tapered coupler, at various places along the taper, as the three cores coalesce
A
into a circular waveguide, with tri-axial symmetry maintained . In the circular limit,
.  y \  / \
reduces to the fundamental (1 = 0) Lrpi mode, while \|/2 and \|/3 evolve to the 
higher-order (1 = 1) L f^  (even and odd, respectively) scalar modes, which are degenerate. 
Thus, there is a one-to-one correspondence between the scalar modes of the non-tapered 
coupler and those of its tapered counterpart, at any point in the taper. By analysing the 
evanescent limit, we are describing propagation in all adiabatically tapered six-port 
couplers.
We have seen in Chapter 2 that the HE^ scalar fields are not strictly modes of the 
circular guide, but are accurate for describing light propagation when A «  1. In the next 
chapter, we show that the true vector modes of the circular waveguide, including the 1 = 1 
fields, are the coalesced forms, in the above transformation, of the true vector modes of the 
three fibre array.
3.1.3 Normal Modes of the Extremely Non-ideal Sixport Coupler
If the triaxial symmetry of the coupler is broken, the fields given in (3-3) no 
longer apply. If we consider non-ideal arrays with one symmetry axis, as shown in Fig. 
3.2, for example, then we can deduce the forms of the coupler modes in certain limits from 
physical reasoning alone.
In uniaxial six-port couplers, the entire three-fibre structure may be regarded as 
two coupled "subsystems", namely, the "base" pair of fibres, acting as a two-fibre
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waveguide, and the "apex" fibre alone. The scalar modes of the entire system are then 
approximated by certain combinations of the scalar modes of these two subsystems, (c.f. 
the two-fibre coupler). This is equivalent to (3-1), since the subsystem modes themselves 
are constructed from combinations of the individual fibre modes.
As in the ideal coupler, the modes must obey symmetry requirements of the 
structure, and must therefore be either even or odd about the symmetry axis. The only odd 
mode of the coupler is the odd mode of the two-fibre subsystem , with zero field amplitude 
in the apex fibre. This holds for all uniaxial couplers, no matter how non-ideal. Changes to 
the apex fibre, or its position, do not affect the odd mode (or its propagation constant), 
provided uniaxial symmetry is maintained. If the propagation constant of the fundamental 
mode of the identical base fibres is ßb , and the evanescent coupling constant between 
them is Cbc = C, say, then the propagation constant of the odd mode of the uniaxial 
six-port coupler is always ßh - C.
The even modes of the three-fibre waveguide consist of combinations of the 
fundamental mode of the apex fibre and the even mode of the two-core subsystem (the 
base fibres). The required combinations depend on the coupler geometry and profile and 
are not obvious by inspection. In some non-ideal extremes, however, we may readily 
deduce the forms of the two even modes.
Consider couplers in which the apex fibre is effectively decoupled from the two 
base fibres, by virtue of separation or dissiinilarity, for example. In such limits, the two 
even modes of the coupler are simply the fundamental mode of the apex fibre, with 
propagation constant ßa , say, and the even mode of the subsystem of base fibres, whose 
propagation constant is ßt, + C.
To decouple the subsystems in this way, their propagation constants must differ 
by an amount much greater than the coupling constant linking the subsystems (c.f. 
two-fibre couplers with different fibres):
l ßa - ( ß b + C ) l » C b (3 4 )
We may define the ratio R between the two coupling constants as follows :
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^ ^ai/^bc (3-5a)
Similarly we define the normalized difference Q between ßa and ßb as :
Q=(ßa -ßb)/Cbc (3-5b)
From (3-4), the six-port coupler modes are well-approximated by the subsystem modes 
when IQ - II »  R. This chapter deals mainly with the two special cases, R = 1 and Q = 0.
To decouple the subsystems in an equilateral fibre array, (R = 1), ßa must differ 
from ßh by an amount much larger than , e.g. if the apex fibre is much different the 
base fibres.
In an isoceles array of identical fibres (Q = 0), we require R «  1 to decouple the 
systems, so that the distance between the apex and base fibres must be much greater than 
their separation (a "tall, thin" isoceles triangle). In the other limit, R »  1, (a flattened 
isoceles triangle, or three fibres in line), the two even modes are not obvious, since the 
subsystems are no longer decoupled, but will be shown in section 3.2 to consist of the two 
subsystem even modes in the amplitude ratio of ± V2 : 1, (greater in the apex fibre).
Fig. 3.4 and Fig. 3.5 show the transitions from the three lowest-order scalar 
modes of the ideal six-port coupler to the modes of extremely non-ideal couplers, having 
unequal separations (Fig. 3.4) and unequal fibres (Fig. 3.5). The field amplitudes and 
propagation constants vary smoothly between the limits shown. In Fig. 3.6, we plot the 
normalised amplitude co-efficients in each fibre for the two even coupler modes, in the case 
of unequal separations (Fig. 3.6(a)) and unequal fibres (Fig. 3.6(b)), and the 
corresponding propagation constants are plotted in Fig. 3.7 (a) and (b) respectively. In our 
model, for convenience, the base fibres and their separation remain constant and the 
position or propagation constant of the apex fibre is varied. Note that the propagation 
constant for the fundamental mode of the ideal coupler is ß + 2C.
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Fig. 3.4 :
The scalar amplitudes in each fibre for the three normal modes of the isoceles array of identical 
fibres, in three limits :
(i) Apex fibre isolated from the base pair (R «  1)
(ii) Ideal coupler - equal coupling between all fibres (R = 1)
(iii) Apex fibre very strongly coupled to base fibres (R »  1)
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Fig. 3.5 :
The scalar amplitudes in each fibre for the three normal modes of the equilateral array with one 
different fibre, in three limits :
(1) & (iii) Apex fibre much different from base fibres (IQI »  l) 
(ii) Ideal coupler - identical fibres (Q = 0)
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Fig. 3.6 :
Amplitude Coefficients (see (3-16)) for two of the three normal modes of the six-port coupler, 
normalized to give unit total power in each mode. The coefficients for the unchanging odd mode 
are not plotted.
(a) Coefficients plotted against log(R) where R is defined in (3-5a) for the isoceles array of 
identical fibres.
(b) Same coefficients plotted against Q, defined in (3-5b), for the equilateral array of fibres 
with one fibre different. In each case, the ideal coupler is at the centre of the abcissa.
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Fig. 3.7 :
Propagation constants of the three normal modes of the six-port coupler, plotted as normalized 
differences from the propagation constants of the isolated fibre modes, for :
(a) The isoceles array of identical fibres
(b) The equilateral array with one different fibre
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3.1.4. Mode Excitation and Power Transfer in Six-port Couplers
Light launched into one input port of a six-port coupler excites a combination of 
the three normal modes of the composite waveguide. Subsequent propagation of these 
modes gives rise to accumulated phase differences between them, which determine the 
electric fields in each fibre at any position. From this we deduce the power transfer along 
the coupler and the output split ratio.
We now consider the principles and consequences of modal excitation in the 
uniform six-port coupler in the scalar picture. Provided all variation in the coupling region 
is adiabatic, the coupler is modelled by an equivalent set of uniform parallel cores, as 
discussed above. If the field at the input of the coupler is E0 (x,y), the three normal modes 
\\f\ , \|/2 and \|/3 are excited :
EqCx j ) = UjYjfoy) + u2v 2(x,y) + u3y3(x,y) (3-6)
where ux , u2 , and u3 are constants determined by the initial field, E , and the modal 
amplitude coefficients Cj (j = a,b,c) defined in (3-1). At a distance z along the coupler, the 
resulting scalar field is :
iß. z iß,z iß.z
E(x,y,z) = u1v 1(x,y)e +u2y 2(x,y)e “ + u3y3(x,y)e (3-7)
where ßx , ß2 and ß3 are the propagation constants for the three normal modes, 
degenerate in special cases, e.g. the ideal coupler. From (3-7) the field amplitudes and 
relative phases are determined and the power in each fibre is inferred. We consider first 
some simple situations to illustrate this.
(a) Power transfer in ideal six-port couplers
Light launched into one fibre of an ideal six-port coupler may, without loss of 
generality, be considered to excite the apex fibre of Fig. 3.3(a). The input field is therefore 
symmetric (even) about the apex axis and, as shown in Fig. 3.8(a), can only excite the two 
even modes, and \j/2> but not the odd mode, \j/3 . The field at a distance z along the 
coupler is proportional to
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E(x,y,z) ~ ( Va+¥ b+¥c)e,(0+2C)Z + (2ij/a-yb-\|/c) i(P-C)zC (3-8a)
= ei(ß+c/2)z { ? a [ cos(3 Cz/2 )-(iy3 )sin(3Cz/2 )] + ( y b+y c) [(j-)sin(3Cz/2)]}
(3-8b)
In each fibre, the field is a sum of two com ponents w ith different propagation constants, 
giving sinusoidal beating in the power, as in four-port couplers.
Power is readily obtained by squaring the field amplitude in each fibre. For unity 
input power, the power in each fibre is, from (3-8) :
The pow er in each fibre o f the ideal coupler is plotted in Fig. 3.8(b). The single 
beat length is a consequence o f the degeneracy betw een m odes \j/2 and \|/3 , and is a 
characteristic o f any three-m ode system with two degenerate modes. (In general, the three 
m odes o f a six-port coupler are non-degenerate, giving up to three sim ultaneous beat 
lengths. A degeneracy means that two of these are identical and the other is infinite, leaving 
one finite beat length.)
A long the input fibre, the pow er is never zero, since the two excited normal 
modes have unequal com ponents in that fibre. By symmetry, power in the other two fibres 
is always equal and oscillates between 0 and 4/9.
In term s o f the coupled subsystem s description, the base fibre pair is not an 
identical w aveguide to the apex fibre, and so coupling is incomplete. By symmetry, fibres 
b and c m ust carry equal pow er everywhere w hen fibre a is the launch fibre. There are 
regular positions located at z = 2tc/9C, 47T/9C, 8:t/9C, 10:t/9C, etc, at which the power in
Pa(z) = 1 - 8 / 9  sin2(3Cz/2) = 5/9 + 4/9 cos(3Cz) (3-9a)
Pb(z) = Pc(z) = 4,9 sin2(3Cz/2) = 2 ß - 2 / 9  cos(3Cz) (3-9b)
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Fig. 3.8 :
Launching light into one fibre of an ideal six-port coupler :
(a) Excitation of the two symmetric modes at z = 0
(b) Consequent symmetric power transfer due to beating between the two excited modes. The 
beat length is 2/3 that for a two-fibre coupler made with the same fibres and the same core-core 
separation.
all three fibres is identical, giving the possibility of an equal three-way power splitter, with 
important systems applications [Davis et Al, 1986, Stephens and Nicholson, 1987].
(b) Output phase from ideal six-port couplers
From the field expressions in (3-8), (this method applies also to the non-ideal 
coupler to be discussed below and in section 3.2), we can re-express the electric field in 
each fibre in amplitude-phase form:
Ea(z) = Va { [pa(z)] exp[i((ß + C/2)z + <t>a(z))]} (a = a,b,c) (3-10)
where Pa(z) are the powers in Fibres a,b and c, and <})a(z) are phase terms, derived from 
the field expressions, which specify the output phase relationships between the three fibres. 
By arbitrarily separating a common phase term (ß + C/2)z, for convenience, and treating it 
as an optical (spatial) frequency term, we can ignore some of the phase information and 
concentrate on the relative phases between the fibres at various z positions.
The phase term (j) in each fibre, at any position along the coupler, follows from 
the real and imaginary components of each field term in (3-8b):
-7C/6 at z = 2tu/9C + 4m7t/3C m = 0,l,...
C -5ti/6 at z = 4tt/9C + 4m7t/3C m =0,l,...
<t>a = Aictan[-l/3 Tan(3Cz/2)] = |
5:t/6 atz = 8tt/9C+ 4m7t/3C m =0,1,...
ti/6 atz = 1071/9C +4m7r/3C m = 0,1,...
(3-1 la)
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‘S'b = ( t’c =
ji/2 if sin(3Cz/2) > 0
{ (3-1 lb)
-7t/2 if sin(3Cz/2) < 0
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The fact that = <$)c reflects the symmetry of both coupler and input field. The different 
regimes for <j>a reflect the different quadrants of the complex plane containing the phasor 
representing the electric field in fibre a as z increases. (Thus ’’arctan'' is considered here to 
possess all four branches instead of the conventional two.)
These results seem to imply that the phases in the system repeat on a spatial 
period of 4rc/3C, which is two complete power coupling cycles. Yet, by simple physical 
reasoning, the fields in the coupler must repeat their phase relationship every coupling 
cycle, (length = 271/3C), since all field variations are caused by the beating of the two 
excited normal modes.
The discrepancy occurs because the apparent period of the phase terms in 
(3-1 la,b) depends on which "common phase" terms are included in the optical frequency 
term in (3-10); this is a type of "aliasing" in which the fields are actually oscillating at 
optical frequencies, while their magnitudes vary slowly and periodically and we observe 
the slow variations by "sampling" them at a convenient, arbitrary optical frequency. The 
observed phase repetition period in (3-lla,b) thus depends on the sampling frequency 
chosen.
In fact, the only phase quantities with real physical significance, namely the 
relative phases between the fields in each fibre, remain unchanged by the mathematics used 
to describe them. Of particular interest in coherent systems applications [Davis et Al, 1986, 
Stephens & Nicholson, 1987] are the relative phases at the positions for equal power 
splitting (z = 2n/9C, 4n/9C, 8tt/9C, 10tu/9C,...):
In fabricating couplers for coherent systems, care must obviously be taken to 
ensure that the length of the coupling region is accurate enough to keep the output split ratio 
and relative phases within acceptable bounds. Fig. 3.9 plots output power from, and
-2tc/3 at z = 2tc/9C + 2n7t/3C
(3-1lc)
+2tt/3 atz = 4jt/9C + 2mt/3C
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Fig. 3.9 :
Close-up of the region around the first cross-over point for equal power splitting in Fig. 3.8, 
showing the errors in power and relative phase resulting from errors in coupler length from 27T/9C.
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relative phase between the output ports of an ideal coupler, in a small region about z=7t/9C, 
to show how small length errors affect the splitting ratio and phase from a coupler intended 
to provide exactly equal power splitting at the three output ports. The length domain in Fig. 
9 may represent only a small fraction of a millimetre in practice.
(c) Power transfer in non-ideal six-port couplers
A non-ideal six-port coupler with one axis of symmetry supports two even modes 
and one odd mode. Light launched into the apex fibre excites only the even modes, as the 
excitation field is has even symmetry, while launching light into one of the other two fibres 
excites all three scalar modes.
As in the ideal coupler, symmetric excitation yields power transfer on one length 
scale only, since only two modes can beat, but up to three modes are involved in 
asymmetrically excited couplers. This is also holds for non-ideal couplers without 
symmetry axes. Thus, the more easily analysed uniaxial coupler qualitatively represents all 
non-ideal six- port couplers. Because the field variations in non- ideal couplers are 
generally complicated, it may prove difficult in practice to obtain desired output phase 
differences or power split ratios. Hence, we are interested in power splitting and relative 
phase errors which might occur, and how sensitive these are to coupler asymmetries.
Power variation with length in several symmetric non-ideal couplers with 
symmetric (apex fibre only) excitation is shown in Fig. 3.10 from results given in section 
3.2. Fig. 3.10(a-c) shows the power transfer for various isoceles arrays of identical fibres, 
while in Fig. 3.10(d-f) the propagation constant of one fibre of an equilateral fibre array is 
varied. Complete power transfer to the two base fibres is possible in the equilateral array 
when Q = 1 (Fig. 3.10(e)), due to the "resonance” between the symmetric modes of the 
two subsystems within the coupler. In very non-ideal couplers, the maximum cross- talk is 
less than 2/3 of the input power, so that exact three-way power splitting does not occur 
anywhere. Equal power splitting occurs at regular positions in almost-ideal couplers with 
symmetric launch.
By contrast, an asymmetric input (one of the base fibres) excites the 
anti-symmetric mode of the coupler, giving rise to three length scales for power transfer, in
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Fig 3.10 :
Power transfer in non-ideal couplers with symmetric excitation (light launched into the apex fibre 
initially).
Isoceles couplers :
(a) R = 2. Total power transferred to base fibres is 32/33 of input.
(b) R = 1/2. 2/3 of input power transferred to base fibres.
(c) R = 1/4. 1/3 of input power transferred to base fibres.
Equilateral couplers :
(d) Q = 3 or -1. Total power transferred to base fibres is 1/3 of input.
(e) Q = 1. Complete power transfer to base fibres in this case only.
(f) Q = 4 or -2. 8/17 of input power transferred to base fibres.
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Fig. 3.11 :
Power transfer in asymmetric couplers again, but this time the excitation is asymmetric (power 
launched into one of the base fibres). In this case all examples are for isoceles arrays of identical 
fibres.
(a) R = 0.1 (apex fibre almost isolated)
(b) R = 0.8 (almost ideal cross-section)
(c) R = 0.95 (even closer to ideal cross-section)
(d) R = 10 (almost "flat" (three-in-line) array of fibres)
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general. Fig. 3.11 gives several examples, using isoceles arrays-of identical fibres with 
different relative separations. Power is rarely, if ever, split equally between the three fibres 
of an asymmetrically excited non-ideal coupler, although chance may provide a "near 
miss”.
In certain very non-ideal situations shown in Fig. 3.4 and Fig. 3.5, where the 
apex fibre is very different to, or far from the base fibres, the excited modes have very little 
power in the apex fibre, so power swaps mainly between the base fibres (the two 
subsystems are essentially decoupled.)
In almost-ideal couplers, the power transfer, e.g. Fig. 3.11(c), closely resembles 
that in the ideal coupler for the first few cycles, so that there are several discrete positions at 
which the power in the three fibres is nearly equal. The "errors" in the output power at 
these near cross-overs vary linearly with the parameters R and Q in the almost ideal case, 
and the sensitivity to errors in separation or core sizes may be very large indeed.
For example, at the first near cross-over in a coupler with core separation of 4 
core radii, and V = 2.4 for each core, a separation error of just 1 % ,  or a core size 
discrepancy of 0.06 % yields a power split error of 3 % of the total (i.e. a split of 33.3 : 
30.3 : 36.3 at the outputs). Thus, the ouput power split ratio is extremely sensitive to 
asymmetries in fibre separation and even more sensitive to size discrepancies between the 
fibres.
(d) Output phase from non-ideal six-port couplers
Phase of the output fields is also adversely affected by errors in the 
cross-sectional geometry, and in almost ideal couplers, the phase differences between the 
output fields vary linearly with R and Q once more, as we show below in section 3.2. Fig. 
3.12 shows the variation of the relative phase between the base and apex fibres of an 
isoceles array of identical fibres, at the position where the power in the apex fibre is 1/3 of 
the input power, as R is varied between 0.9 and 1.1. The phase is plotted for both 
symmetric (input fibre a) and asymmetric (input fibre b) initial fields. In the ideal coupler, 
l({)abl = 120° (27C/3 rad). Because of the uniaxial symmetry of our model, the phase 
difference between fibres b and c experiences a turning point at the equal power position
8 0
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Fig. 3.12 :
Variation, with R, of the relative phase between the output fields from fibres a and b of an isoceles 
coupler, calculated at the position of the first occurrence of P (z) = 1/3. The two cases shown are 
for power launched into (i) Fibre a and (ii) Fibre b. The ideal output phase relationship is 2tt/3 
radians. The variation about ideal is roughly linear over the range shown, and is approximated in 
(3-48) and (3-50).
(zero for an apex fibre launch, and 27t/3 radians for a base fibre launch). Hence only (J^ - <j>a  
is actually plotted in the diagram.
From these simple observations, it is clear that to acheive the power and phase 
requirements of coherent systems, strict control of coupler length, fibre size and separation 
is needed. We now treat the symmetric evanescent six-port coupler in more detail, using 
perturbation theory to deduce the three lowest-order normal modes and investigating the 
consequent power transfer and phase relationships at the outputs, to derive the results 
described above.
3 .2  MATHEMATICAL ANALYSIS OF THE THREE-WAVEGUIDE
SYSTEM
3 .2 .0 . The general three-waveguide system
In this section, we investigate the modal properties of the general uniform, 
three-core, evanescent coupler consisting of three weakly-guiding, single-mode fibres, 
with core refractive index nco , weakly-coupled within an infinite cladding of refractive 
index nc  ^ . At this stage we do not assume a particular geometric arrangement of the fibres, 
nor are the cores necessarily identical or even circular. We ignore polarization effects, due 
either to the fibres themselves, or the geometry of the coupler since the composite 
waveguide is assumed weakly-guiding. The field of the jth bound scalar mode may be 
w ritten:
ißz
Wx,y,z) = \|f.(x,y)e O’= 1,2,3) (3-12)
[v f + k2n2(x,y) - ß?] \|T(x,y) = 0 0 = 1,2,3) (3-13)
where Vt2 is the scalar Laplacian, k = 2n/X is the wavenumber for light with a vacuum 
wavelength of X , and n2 (x,y) is the squared refractive index profile for the composite
In isolation from each other, each core supports one bound mode :
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^aOt’Y’Z) = T a(x,y,z) e^aZ (3-14)
where ßa ( a  = a, b, c) are the propagation constants for the fibres a,b and c 
respectively, and \j?a is the only bound solution of the scalar wave equation:
[V? + k2 % (x,y) - ß J y a(x,y) = 0 (a = a,b,c) (3-15)
where na2 (x,y) is the squared refractive index profile of the particular fibre in isolation 
from the other two. The bars denote "unperturbed" quantities. We now apply scalar 
perturbation theory to calculate the normal mode fields and scalar propagation constants 
from the "known" values in the isolated fibres.
3.2.1 Scalar perturbation theory applied to the general six-port coupler
Within the weakly-guiding, weakly-coupled approximation, the transverse electric 
field function, \j/j(x,y), of any bound mode of the composite structure is well 
-approximated [Snyder and Young, 1978] by a linear superposition of the unperturbed 
modes \j?a , \j/b , ¥c :
¥j(x,y) = a. ¥a(x,y) + b. ¥b(x,y) + \jrc(x,y) (j = 1,2,3) (3-16)
We have arbitrarily chosen the amplitude co-efficient multiplying \|/c to be unity to reduce 
the number of variables in the analysis. By symmetry, no mode has zero amplitude in fibre 
c except in some non-ideal limiting cases, so this choice poses no problems later on. 
Normalization is not required at this stage, but in some limits, aj or bj may become 
unbounded, indicating that the physical mode in question has a field amplitude approaching 
zero in fibre c. For convenience we may drop the j subscript hereafter.
Now, from the scalar wave equations (3-13) and (3-15) and using the weak- 
guidance approximations: (n2 - na2 ) ~ 2nco (n - na) and (ß2 - ß2a ) ~ 2ncok (ß - ßa), 
perturbation analysis gives [Snyder and Love, 1983]:
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ß = ßa + k J (n ‘na) ¥ (x ,y )  ¥ a (x >y) dA /  J Y (x ,y ) \|/a(x ,y ) dA;
A» A»
a = a,b,c,
(3-17)
where A^ represents the region of integration over the whole cross-section. Inserting 
(3-16) into (3-17) and making several simplifying approximations (see derivation of 
(18-34), (18-35) in [Snyder & Love, 1983]) gives :
ß = ßa + b/aCab + I c ac (3-18a)
(3-18b)
ß = ßc + a Cca + b C b (3-18c)
where the coupling constants are defined:
Cm = k(nro-n„) V.VmdA/ V,‘ dA
Am
Jv:
A.
(3-18d)
Assuru/)^ noies w t  Or-Uionomcd ard SiwiIq/',
where Am denotes the core area of fibre m.^We may make the approximation C5m = Cmi .
This is accurate if the cores are identical or nearly so, and if they are not, negligible power 
coupling occurs between the fibres in any case due to the phase mismatch along the 
coupler. If we now define Q*. = C, Cab/C = Rab, C J C  = Rac, (ßa - ßc)/C = Qac,
(ßb - ßc )/C = Qbc and ( ß - ßc )/C = y , then (3-18) is rewritten :
a(Y-Qac)-bRab=Rac (3-19a)
b(y - q ,c) - a Rab = 1 (3-19b)
a Rac + b = Y (3-19c)
Thus we solve three (non-linear) equations to find a,b and y for each mode. There must be 
three independent modes which satisfy (3-19) (since we can independently excite each of 
the three input fibres). The modes correspond to the real solutions of the following cubic, 
derived from (3-19):
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f  -  ( < V Q a c y  -K Q a c Q t,,-!  - R a2b - R a2c)T  + Qac + Qbcr i c - 2 R o . R . l = 0
(3-20)
While analytic roots of a cubic are known, equations like (3-20) are usually 
Solved numerically unless they factorise readily. Amplitude constants a and b are then 
deduced by inserting the solutions of (3-20) into (3-19).
3 .2 .2  Six-port couplers with one axis of symmetry - normal modes
In uniaxially symmetric six-port couplers, as shown in Fig. 3.2, the cubic (3-20) 
factorizes into a linear and a quadratic factor, simplifying the analysis of the modal 
amplitudes and propagation constants while highlighting the physics of non-equilateral 
arrays of fibres.
A general symmetric six-port coupler, shown in Fig. 3.2(d), is the isoceles array 
in which the apex fibre propagation constant differs from that of the base fibres. As above, 
we define Cbc = C , and due to the symmetry, Ca^ = Cac = RC, where 0 < R < <» . 
Fibres b and c are identical, so = ( ßb - ßc )/C = 0, and Qab = Qac = ( ßb - ßc )/C = Q, 
say. (3-19) gives :
a(y - Q) - bR = R (3-21 a)
-aR + b y = 1 (3-2 lb)
aR + b = Y (3-2lc)
where a, b and y are as defined already. Adding (3-21b)and (3-2lc) gives :
(b -1) (y + 1) = 0 (3-22)
so that either y = -1, or b = 1 (i.e. the mode is symmetric about the geometric axis). In the 
case y = -1, putting (3-21b) and (3-21c) into (3-21a) gives :
a(R2 -1 -,Q) = 0 (3-23)
so that either a = 0 and b = -1 (this is the odd coupler mode) or R2 - Q = 1. This latter 
condition signifies degeneracy between the odd coupler mode and one of the even modes. 
Any combination of the degenerate modes satisfies (3-21) and has a propagation constant 
of - C, and so a is not constrained to zero.
When b = 1, (even coupler modes) we can show from (3-21) th a t:
a = (Q -1 ± SV2R (3-24a)
y = ( Q + l ± S ) / 2  (3-24b)
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where
S = (Q2 - 2Q + 1 + 8R2)I/2 (3-24c)
We may write the three modes in a convenient "tri-matrix" notation :
a _(Q-1+S)/2R" ’ (Q-1-SV2R" 0
b c .  1 1.
*
_ 1 1 .
y
.-1 1 .
(3-25a)
y (Q+I+Syz , (Q+1-SV2 , -1 (3-25b)
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Defining < ß > = ( ßa + ßb V2, the propagation constants themselves are : 
ß, = ßb + C(Qfl+S)/2 = [<ß> + C/2] + SC/2 (3-26a)
ß2 = ßb + C(Qf 1-SY2 = [<ß> + C/2] - SC/2 (3-26b)
ß3 = ßb -C = [<ß> + C/2] - (Qi-3)C/2 (3-26c)
In the degenerate situation (R2 - 1 - Q = 0), our mode results become:
a R " -2/R" 0
_b c .1 1_ 5.1 1. > .•1 1.
(3-27a)
Y = R + l  , - 1 , - 1 (3-27b)
ß = ß b + C(l+R2) ,  ßb - C , ß b -C . (3-27c)
Note : Instead of solving (3-21a,b,c) in the stepwise fashion used above, we could have 
obtained a cubic in y from (3-21) (or used (3-20),) to show :
73 -QY2-(1 + 2R2) y + (Q-2R2) = 0 (3-28a)
This factorises into a linear and a quadratic term corresponding to the one anti-symmetric 
and two symmetric modes of the coupler, respectively :
(Y + 1) l'/2 - (Q +1) Y + (Q - 2R2)] = 0 (3-28b)
By inspection, this gives the same solutions for y as given above.
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3.2.3 Modal excitation of symmetric sixport couplers
Suppose now, we launch light with unit power into one input fibre, so so that 
only lowest-order coupler modes are excited. Following Section 3.1.4, we may distinguish 
the cases of symmetric and non-symmetric excitation fields.
Accordingly, we consider first the case of power launched into the apex fibre at z 
= 0. From (3-6), we can express this symmetric input field as :
Eo(x,y) = w*.y) = uiVi(x’y) + v ^ y ) + (3-29)
From (3-16), we can consider each fibre independently to show :
u1a1 + u2a2 + u3a3 = 1 (3-30a)
Ujbj + u2b2 + u3b3 = 0 (3-30b)
+ u2 + i^ = 0 (3-30c)
where aj and bj (j = 1,2,3) are the amplitude co-efficients for each mode, given in (3-25). 
Solving yields the excitation co-efficients \i\ ,u2 and u3 :
ul = R/S , u2 = -R/S , u3 =0 , (3-31)
where R is defined in (3-5a) and S in (3-24c). Naturally, only the even modes are excited 
by a symmetric input. Likewise, when E0 (x,y) = \j?b(x,y), (asymmetric input) the 
excitation co-efficients are found from a set of equations like (3-30), except that there is a 1 
on the right hand side of the second equation instead of the first. This time, all three modes 
are excited:
u1=(S + l+Q)/4S , u2=(S + Q -l)/4S , u3 = -1/2 (3-32)
From (3-7), we derive the field at a distance z along the coupler by-inserting the appropriate 
values for uj and ßj (j=l,2,3). In the case E (x,y) = \|/a (x,y),
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E(x,y,z) = K?!^ /2)Z ( Vi(x,y)eisCz/2 - ¥ ,(x,y)eiSCz/2 } (3-33)
Inserting the appropriate expansions for \|/1 (x,y) and \jf 2 (x,y) from (3-16) and (3-25) 
gives the field in each fibre as a function of z:
Ea(x,y,z) = \j/aexp[i(<ß> + C/2)z] {cos(SCz/2) + i[(Q-l)/s] sin(SCz/2)}
(3-34a)
^(x.y.z) = \j/bexp[i(<ß> + C/2)z] { i(2R/S) sin(SCz/2)} (3-34b)
E,.(x,y ,z) = y cexp[i(<ß> + C/2)z] { i(2R/S) sin(SCz/2)} (3-34c)
The field amplitude in fibres b and c is identical, by symmetry.
By contrast, the field at a distance z along the asymmetrically excited coupler is 
more complicated, due to the presence of the third mode:
E(x,y,z) = exp[i(<ß>+C/2)z] {( • ^ % 't ', ( x ,y ) e lSCz/2 + ( • ^ ^ - ) v 2(x>y)«''SCz/2
- l ¥3(x,y)ei(Q+3)Cz/2) (3-35)
Hence, the field in each fibre is :
Ea(x,y,z) = \|/a(x,y) exp{ i(<ß> + C/2)z] { i(2R/S) sin (SCz/2)} (3-36a)
8 9
E^x,y,z) = v b(x,y)exp[i(<ß>+C/2)z] {^co s(S Q /2 ) + cos[(Qf3)Cz/2]]
+ j  [ ^ - s in ( S C z /2 )  - sin[(Q f3)Cz/2]]} (3-3 6b)
Ec(x,y ,z) = v c(x,y)exp[i(<ß>+C/2)z] {i[cos(SCz/2) -cos[(Q+3)Cz/2]]
+ i  [ M l sin(SCz/2) + sin[(Qf3)Cz/2]] } (3-36c)
We may re-express the fields in (3-34) and (3-36) in the amplitude- phase form of 
(3-10), and hence derive the phase and power at any position z. From (3-34) the power in 
each fibre of the symmetrically excited coupler is :
The power transfers from the apex fibre to the base fibres and back on a single length scale 
of 27t/3C. Depending on R and S (which depends on Q), there may or may not be positions 
for equal power in all three fibres. The total transferred power varies, from 100% when 
S2=8R2 (Q = 1 or R -> oo ) to zero when IQI -> «  or R -> 0 . (i.e. the apex fibre is totally 
decoupled from the base fibers.) When (4R2 /S2 ) < 1/3, power in fibre a is always greater 
than in fibres b and c.
Similarly, the power in each fibre of an asymmetrically excited coupler follows 
from (3-36):
2 2
Pa(z) = 1 - [ 1 - cos(SCz)] = 1 - iü L  sin2 (SCz/2)
s s
(3-37a)
S S
(3-3 7b)
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S" S
(3-3 8b)
pc(z)= 2~ j ' t 1 - cos<SCz) ] - ( ^ b  cos [ (Qf32S)Cz] - ( ^ ) c o s [ ^ 3; S)Cz]
(3-3 8c)
This time, three modes are beating, usually simultaneously on three length scales (only one 
in the degenerate cases). In fibre a, however, the pow er still varies sinusoidally on one 
length scale only, since only two modes have non-zero amplitude coefficients in fibre a. 
G enerally , exact three-w ay pow er splitting does not occur, except by co-incidence. 
However, chance also allows m ost or all o f the input pow er to be transferred to the other 
two fibres (in unequal proportions, usually), unlike the symmetric coupler. The pow er 
curves in Figures 3.8 to 3.12 are obtained from (3-37) and (3-38).
From  the electric field expressions in (3-34) we find that the relative phases 
between the fibres of the symmetrically excited coupler are :
■+ arctan [iSHtan(SCz/2)] (3-39a)
(3-39b)
where the sign o f n /2  depends on the sign of sin(3Cz/2) and, as in (3-1 la ), "arctan" is 
considered to possess all four branches, with the relevant branch determined by the signs 
o f cos(3Cz/2) and [(Q -l)/S]sin(3Cz/2) in (3-34a).
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At each position z in the asymmetrically excited coupler, the relative phases are 
deduced in a similar fashion from the electric fields in (3-36):
$a-$b = ± |~  arctan (340a)
. sin[SCz/2] + sin((Q+3)Cz/2]
<t>_ - <b_ = ± — - arctan { — ----------------------------------- } (3-40b)
2 1 cos[Scz/2] - cos[(Q+3)Cz/2] J V ;
where again, the same procedure applies for determining the sign of 7t/2 and the appropriate 
branch for "arctan" from (3-36).
Having found general field, power and phase expressions for uniaxially 
symmetric non-ideal six-port couplers, we now consider the specific cases of equilateral 
couplers with one different fibre (R = 1) and isoceles arrays of identical fibres (Q = 0).
3.2.4 The isoceles coupler with three identical fibres
A coupler consisting of an isoceles array of three identical fibres is characterised 
by three quantities : the propagation constant ß of the fibres, the coupling constant 0^=  C, 
say, between the two base fibres and the ratio R = Ca5 /C which specifies the coupling 
constant between the apex and each base fibre. Here, Q = 0 and the normal modes are 
given in matrix notation in (3-25), with S = (1 + 8R2)1/2 . The amplitude constants and 
propagation constants are given as functions of log(R) from R = 0.1 to 10 in Fig. 3.6(a) 
and Fig. 3.7(a) respectively, to show the transitions, and Fig. 3.4 shows the modal field 
amplitude in each fibre in the limiting cases of large and small R and R = 1.
For small R, the modes reduce to those of the two decoupled subsystems, but for 
large R, the ratio of the field amplitudes in the apex and base fibres is V2 for the two even 
coupler modes (the apex field intensity is twice that in the base fibres) due to strong 
coupling between the two subsystems.
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The condition for modal degeneracy in this coupler is : -
R2- 1=0  (341)
Since R must be positive, only the equilateral coupler (R = 1) has degenerate modes, and 
these are given in (3-3). From (3-27), the propagation constants are ß + 2C, for the 
fundamental coupler mode, \\fl , and ß - C for the two degenerate modes, \j/2 and \j/3 . 
The ideal coupler power transfer expressions (3-9) follow from (3-37) with R=1 and S=3 
inserted, since all inputs are symmetric in the ideal case. The expressions in (3-38) for 
power transfer due to asymmetric excitation naturally reduce to the same expressions in the 
ideal coupler.
Figure 3.10 (a)-(c) show the power transfer curves calculated from (3-37) for the 
non-ideal cases R = 2, R = 0.5 and R = 0.25, respectively. As R increases, the fraction of 
power transferred from the apex to the base fibres also increases, approaching 1 as R tends 
to infinity. At the other extreme, cross-talk is minimized when R tends to zero. The fraction 
of total power involved in the cross-talk is given (from (3-37),) by :
Pma*(Q = 0) = 8R2/(l+8R 2) (342)
To actually achieve complete power transfer, the fibres would have to form a 
relatively flat array with the base fibres as far apart as possible. In the "coupled 
subsystems" description, by spacing the base fibres widely and decreasing C, the 
propagation constants of the two subsystems become matched, enabling maximum 
cross-talk. There is a cost - the coupling length increases in the process, becoming infinite 
when R oo. Conversely, the cross-talk must be reduced by moving the apex fibre away 
from the finitely-spaced base fibre pair.
The case R=0.5 (see Fig. 3.10(b)) is the smallest value of R for which equal 
power splitting occurs between three identical fibres excited symmetrically. The power in 
each fibre just reaches 1/3 at the turning point, giving a second order variation for small 
errors in length about the critical value.This also holds for other parameters, e.g. wave­
length, so that wavelength-flattened three-way power splitters are possible in this way.
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By contrast, power variation due to an asymmetric input is more complex with up 
to three simultaneous length scales. Four cases are illustrated in Fig. 3.11, corresponding 
to R = 0.1, 0.8, 0.95 and 10, respectively, in parts (a) to (d). Clearly, for small R values, 
the apex fibre plays little part in the power transfer, and power is mainly swapped between 
the base fibres (Fig. 3.11(a)). At the other extreme, all three fibres are involved in the mode 
beating. The power in the apex fibre always varies sinusoidally on only one length scale, 
since the odd mode amplitude is zero there. Near R = 1 (Fig. 3.11(c)), the power transfer 
curves resemble the ideal curves initially, but gradually deviate after a few cycles with less 
deviation as R becomes closer to 1 (Fig. 3.11(b)). In subsection 3.2.6 we examine the 
effects, on output power and phase, of small errors in fibre separation from the ideal 
equilateral array.
3.2.5 The equilateral coupler with one different fibre
A six-port coupler consisting of an equilateral array of fibres, in which one fibre 
is different from the other two, is characterized by the propagation constant (3*, of the base 
fibres, the coupling constant C between them and the normalized difference Q (defined in 
(3-5b,) between the propagation constants of the base and apex fibres. In this case, R = 1 
and the modes and propagation constants are found using (Q - 2Q + 9)1/2 in place of S in 
(3-25). The corresponding modes are shown in Fig. 3.5 in the limits of large Q, (positive 
and negative) and Q = 0. The amplitude constants and propagation constants are plotted in 
Fig. 3.6(b) and Fig. 3.7(b) respectively.
For large Q, positive or negative, the apex and base fibres differ significantly and 
cross-talk between the two subsystems is reduced. In both limiting cases, the propagation 
constants asymptotically approach ßb+C, ßb - C and ßa, the propagation constants for the 
subsystem modes. Between these limits, the two even coupler modes swap roles as shown 
in Fig. 3.5. From (3-27) modal degeneracy only occurs in equilateral couplers if Q=0.
Symmetric launch fields give symmetric sinusoidal power transfer in the 
equilateral array, similar to the isoceles coupler discussed above. When the apex fibre 
differs, however, resonance between the subsystems is possible if Q = 1, giving complete 
power transfer in a finite length scale (Fig. 3.10(e)).
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As Q deviates from 1, total cross-talk is reduced and the length scale for power 
transfer, for a given fibre separation, decreases. The power transfer in the symmetrically 
excited coupler is symmetric with respect to changes in Q about unity, e.g. couplers with 
Q=3 and Q = -1 are equivalent. An equilateral coupler with Q = 2 mimics the ideal coupler. 
The three cases illustrated in Fig. 3.10 (d)-(f), correspond respectively to Q = "3 or -1", 
"1", "4 or -2". If Q < -1 or Q > 3, cross-talk is insufficient to allow equal power splitting.
Asymmetric excitation results in power transfer much like that shown in Fig. 3.11 
for the isoceles coupler. When the apex fibre is very different (IQ-II » 1 ) ,  power swaps 
mainly between the base fibres, as in Fig. 3.11(a). For slight fibre differences, the power 
curves are close to the ideal curves, as in Fig. 3.11(b,c) and between these limits, the 
curves are generally complicated, as in Fig. 3.11(d).
3.2.6 Almost-ideal six-port couplers
During fabrication, a coupler, intended to be an ideal three-way power splitter 
consisting of an equilateral array of identical fibres, may suffer a slight error in its length, 
fibre-fibre separation or fibre uniformity. Here we examine some of the consequences of 
slight errors in these parameters on the output power split ratio and relative phase of the 
almost-ideal coupler.
(a) Errors in coupler length
The simplest error to analyse is a length error in an otherwise ideal coupler. The 
shortest length for equal power splitting at the outputs, given by the first cross-over of 
power in the plot in Fig. 3.8(b), is 2tu/9C. From the power equations in (3-9), we can 
show that if the length is 27t/9C + , where «  1/C, the output powers in the apex
and base fibres become :
Pa 1  25«
3 ' 7 3
(342a)
Pb
1 , 5fi 
3 /3
(343b)
The phase difference between the apex and base fibre outputs at the position z = 2it/9C + 8a
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is readily obtained from the field expression (3-8b):
(344)
Fig. 3.9 plots the power from the apex and base fibres as well as the output phase 
difference - 6a as a function of Cz (normalised distance along the coupler) to show the 
magnitude of the changes over a small distance. These plots are almost linear over the 
whole range shown (0.64 < Cz < 0.76) which represents a change of about 17 % of the 
whole length of the coupler.
(b) Errors in fibre separation
Consider now the almost-equilateral isoceles array of three identical fibres. Equal 
power is transferred to the base fibres from the apex fibre if the launch is symmetric and 
so, if the coupler is nearly ideal, (R > 0.5), there are still positions for equal three-way 
power splitting.
We now find the first of these positions, as a correction to the length required in 
the ideal coupler, and find the relative phase at the outputs as a function of the small error in 
coupling constants between the fibres. We then examine the results of an asymmetric input 
on power transfer and phase. This provides a qualitative description and a quantitative 
estimate of such errors in the general slightly asymmetric array of three identical fibres.
where e «  1 and is the small correction term due to the asymmetry, e > 0 when the apex 
fibre is too far from the base fibres, and when the apex fibre is too close, e < 0. In this 
approximation, the output power expressions (3-37) for the symmetrically excited coupler 
may be rewritten (to first order in 8 ):
First, we approximate the coupling constant ratio R (see 4-5a) as :
R = 1 -e (345)
(346a)
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Pb(z) = Pc(z) = I  {(1 - f )  - (1 -  f )  cos[3(l - ^-) C z]} (346b)
Clearly, these reduce to the ideal results when e = 0. Equating Pa (z) and Pb (z) in (3-46) 
to 1/3, to first order in e , to find the shifted first position zs for equal three-way power 
splitting gives, after some tedious algebra :
The shift of this position along the fibre depends on the size and sign of e, and is 
proportional to the ideal splitting length. This shift also gives a change in the relative phase 
between the output fields, small during the first few coupling cycles if R is close to 1, so 
we now calculate the phase error.
The relative phases at the outputs, calculated from the explicit field expressions in 
(3-34), are given in (3-39) for a symmetric input. Inserting (3-45) and (3-47) into (3-39) 
and retaining only first-order terms in e gives
The first order approximation becomes less accurate as R deviates more from 1, but relative 
phase varies roughly linearly over a 15 % change in R, as shown in Fig. 3.12, which also 
shows the variation for an asymmetric input (see below).
When unit optical power is launched into fibre b of a slightly non-ideal coupler, 
exact three-way power splitting no longer occurs in the first few cycles, but the three output 
power curves cross 1/3 within a very short distance of each other as shown in Fig. 
3.11(b,c). Since (3-38a) and (3-37b) are identical, we conclude that apex fibre power in the 
asymmetrically excited coupler reaches 1/3 at exactly the same positions as the base fibres
(3-47)
v*.=t+t2k . £ 3 3 (348a)
(348b)
of the symmetrically excited coupler. The first such position is therefore a logical place to 
compare the output power in each fibre and the relative phases in the asymmetrically excited
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slightly non-ideal coupler.
At the location given in (3-47), the power at each output for unit input power in 
Fibre b at z = 0 is found by expanding (3-38) to first order in 8, after inserting (3-45) and 
(3-47):
Hence, a 2 % error in the coupling constants yields a 1 % error in the power splitting ratios 
in two of the fibres. This may suggest that the coupler is relatively insensitive to errors in 
the fibre spacing, but a simple example highlights the need to keep the spacings as uniform 
as possible.
Consider an evanescent coupler consisting of three equal fibres with V = 2.4, 
arbitrary radius p , and relative spacing d/p = 4.0 in the ideal situation, where d is the 
fibre axis separation. Using the simple exponential approximation for the evanescent 
coupling constant (see [Snyder & Love, 1983, eqn (18-42)],) and noting that when V=2.4, 
W s  1.75, it is readily shown that the ratio R defined in (3-5a) is well approximated by 
1+15 8d/2, where 5d is the relative error in the fibre separations in the isoceles array. 
Hence, from (3-49), if the apex fibre is just 0.8 % too far from the base fibres, the power 
error at the outputs is 3 % of the total input power (i.e. the output split ratio is roughly 
33.3 : 36.3: 30.3). In a typical coupler, the fibres are of order 10 to 100 Jim apart, so a 
0.8% separation error is less than 1 pm.
(349a)
(349b)
Pc= T + ^ [ 1 + ^ = T +a49e 3 9 3/3 3
(349c)
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The relative phases between the outputs of the slightly isoceles array are obtained 
by expanding (3-40) and retaining only terms to order e :
<t>a - <t>b = ^ 5  Y +  0.7e (3-50a)
<t>a - <t>c = 0.7e (3-50b)
V4>c = -y- (3-5fc)
Here, the uniaxial symmetry of the system means that the relative phase between the output 
fields of the two base fibres, b and c, remains constant to first order in e .. (There is a 
turning point in the relative phase variation here.) In Fig. 3.12, the variation in 6a - is 
plotted and is equivalent to that of (J)a - <})c with a constant 2tt/3 radians added. From 
these results, a 1 % error in fibre separation in the example coupler given above yields a 
phase error of about 0.05 radians (3°) at the output.
(c) Errors in fibre uniformity
Consider now the equilateral array with slightly different propagation constant in the apex 
and base fibres (see Fig. 3.2(c)). For Q «  1, where Q is defined in (3-5b), we may reduce 
the expressions for output power and relative phase to first order in Q, in an analogous 
manner to the first order derivation above for the slightly isoceles coupler. Again, if we 
first consider the case of symmetric excitation with unit input power, we can show from 
(3-37) that the power in each fibre, at position z, is given by :
P,(z) = \( (5 - -y) + (4 + Y> C0Sb ü  - f ) Cz] ) <3-51a)
Pb(z) = Pc(z) = I { (1 + - a  + ^  COS [3(1 - |)C z ]} (3-5lb )
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From these, the shifted first cross-over point zs for equal power splitting is :
- = I 2Q r 7t i ]
's 9C 9 C L9 / 3 J
(3-52)
Again, the shift from the ideal position is proportional to the ideal splitting length and, in 
this case, the sm all error param eter Q. A t this position, the corrected relative phase 
expressions (3-39), to first order in Q, are :
A t the same position, if  unit pow er is launched into Fibre b instead of Fibre a to give the 
asymmetric input, the output powers, from  (3-38), are :
These expressions seem, at first sight to be relatively insensitive to errors in the fibre 
uniform ity, since if  Q is as large as 0.1, the pow er error is less than 0.9 % o f the input 
power. However extremely small changes in fibre diam eter produce such values of Q, and 
affect the split ratios.
In the exam ple coupler used above, where V = 2.4 in each fibre, and the relative 
separation d/p is 4.0, it can be shown [Snyder & Love, 1983, p398] that Q = 560 Sp/p
(3-53a)
V  k  = o (3-5 3b)
(3-54a)
(3-54b)
P = i - ^ 2 -(l - — ) = t -0 .0 9 Q  
C 3 9 3 / 3 '  3
(3-54c)
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where 5p is the radius discrepancy between the apex and base fibres Thus, a 0.06 % error 
in fibre size yields a 3 % error in the output power splitting ratio (c.f. a 1 % error in fibre 
separation), and since the fibre core diameters are typically between 1 and 10 microns in 
practice, this error is1 less than 6 nm. Fibre uniform ity is therefore essential in the 
fabrication of six-port couplers for coherent systems applications.
At the position defined in (3-53), the relative phases are determ ined from (3-40) 
for the asymmetric in p u t:
Again, there is a turning point at this position in the variation of the relative phase between 
the base fibres b and c with Q, so the first order result shows 4>c- <J>b fixed at 2n/3. The 
other two fibres exhibit phase errors which are quite large; in the example quoted, a 0.06% 
error in fibre diam eter w ould give an output phase error here o f about 0.12 rad (approx. 
7°).
3.3 CONCLUSIONS
W e have m odelled the six-port evanescent coupler by a uniform, parallel array of 
circular fibres within an infinite cladding. The three lowest-order scalar normal modes have 
been approxim ated by superpositions of the individual fibre m odes, deduced in simple 
cases from symmetry principles, and in the general case by scalar perturbation analysis.
The scalar norm al m odes o f an equilateral array o f  identical fibres are the
(3-5 5a)
(3-5 5b)
(3-55c)
analogues of the three lowest-order modes o f the circular fibre, to which they would evolve 
if the fibres were coalesced with symmetry maintained.
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Light launched into one fibre of this so-called "ideal coupler" excites two of the 
three modes, resulting in sinusoidal power transfer to the other two fibres equally, on a 
length scale 2/3 as long as in a two-fibre coupler with the same fibres and separation. A 
total of 8/9 of the power is involved and at regular positions, the power in all three fibres is 
equal. There is a 27t/3 radian phase difference in the output fields between the launch fibre 
and the other two, which have equal phase, by symmetry.
The propagation constants of the three lowest-order scalar modes of the 
three-fibre array are found by solving a cubic in general, which factorises, simplifying the 
analysis, when an axis of symmetry exists. In the uniaxial array, there are two even modes 
and one odd mode, with zero amplitude in the apex fibre. Two special uniaxial cases 
examined were the equilateral array with a mis-matching apex fibre, and an isoceles array 
of identical fibres. These may be regarded as two interacting subsystems - the apex fibre 
alone and the base pair of fibres. In certain limits, the subsystems decouple, and the array 
modes reduce to those of the subsystems, namely the apex fibre fundamental mode and the 
odd and even mode of the base pair.
Power launched into the apex fibre excites only the two even modes, with 
sinusoidal power transfer to the base fibres equally, with the amount of cross-talk 
depending on the non-ideal characteristics of the coupler. If the two sub-systems are 
resonant, complete power transfer to and from the base fibres occurs. Far from resonance, 
no power transfer occurs.
Power launched into a base fibre excites all three modes generally, and power 
transfer is complicated, with three length scales at once. In non-resonant cases, the apex 
fibre is uninvolved, and power swaps between the base fibres only. In certain cases, the 
odd mode and an even mode are degenerate, and only one length scale results in the power 
transfer.
Output power and relative phase in the non-ideal coupler vary to first order with 
changes in the fibre separations or differences between the fibres, and sensitivity to 
cross-sectional asymmetry can be very great in some cases. The performance is more 
sensitive to discrepancies between the fibres than to errors in their separations in evanescent 
couplers.
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In the following chapter, we carry the description of the six-port coupler one step 
further by determining the actual vector modes of the coupler and finding the situations for 
which the scalar analysis of this chapter is valid, and those for which a more accurate 
vector analysis is required.
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CHAPTER 4
VECTOR MODES OF 6-PORT COUPLERS
4.0 INTRODUCTION
In the preceding chapter, we derived the three lowest order scalar modes of ideal 
and non-ideal symmetric six-port couplers. In doing so we chose to ignore the slight 
corrections to their propagation constants due to vector effects, on the grounds that this 
approximation does not introduce significant errors in the calculation of power transfer in 
short weakly-guiding couplers. Consequently, polarization effects were neglected in that 
examination. (The modes were effectively assumed to be plane-polarized).
However, from the analysis elsewhere [Snyder and Young, 1978] of circular and 
nearly-circular fibres it is known that, apart from the fundamental modes, the actual vector 
modes are not plane-polarized fields having the scalar modal distributions, but are instead 
vector combinations of the scalar LP modes, i.e., more complex field patterns whose 
cartesian components obey the scalar wave equation and satisfy symmetry relations due to 
the structure. The vector modes in an ideal six-port coupler must similarly obey triaxial 
symmetry rules imposed by the three-core structure and, in weakly-guiding structures, 
must have cartesian components which are solutions of the scalar wave equation, i.e. the 
scalar modes derived in Chapter 4.
In this chapter, as in the last, we find all normal modes of the coupler which can 
be well-approximated by superpositions of the LP fundamental modes of the individual 
fibres, since this is appropriate for couplers made from single mode fibres. We refer to this 
mode set as the "lowest order vector normal modes" of the structure. Without knowing the 
scalar modes determined in the previous chapter, we can conclude that there must be six 
such modes of the structure, as we can independently excite two fundamental vector modes 
in each of the three fibres. (Six orthonormal "basis" vectors are required to span a 
six-dimensional vector space.) Now, since each fundamental LP fibre mode is expressable 
in terms of the three orthogonally polarized pairs of LP scalar normal modes derived in the 
previous chapter, the six lowest order vector normal modes must, therefore, also be 
expressable as linear sums of the six LP scalar normal modes.
After determining the vector modes of the ideal coupler using only physical 
symmetry principles in Section 4.1, we present in Section 4.2 a more general analysis of 
ideal and non-ideal six-port couplers, using scalar perturbation theory with lowest order 
polarization corrections. This completes the simple modal description of the six-port 
coupler.
If the LP scalar modal fields of the previous chapter are launched into the 
waveguide, they excite a combination of the true vector modes of the structure and beating 
results. This beat length is inversely proportional to the polarization corrections due to 
geometric effects and is generally much longer than a typical coupler. Thus the previous 
scalar analysis is valid in most cases of interest, and needs no vector corrections to render it 
useable.
Another phenomenon, examined in Section 4.3, is the evolution of the modes of a 
uniaxially symmetric six-port coupler undergoing a transition between ideal and non-ideal 
configurations. If the transition is adiabiatic, each mode retains its status as a local mode 
[Snyder, 1965] while evolving with the waveguide. Symmetric pairs of first-order scalar 
LP modes experience a "swap" as the transition proceeds through the ideal coupler 
configuration, due to a combination of their scalar degeneracy in the ideal coupler and the 
weak (but critical) polarization cross-coupling due to form birefringence.
4 .1  PHYSICAL DESCRIPTION OF VECTOR MODES 
4.1.0 Geometric Effects in Six-Port Couplers
The tri-axial symmetry of the equilateral cross-section of an ideal six-port coupler 
(see Fig. 4.1(a)) suggests that the modes of the structure are not necessarily the LP modes 
derived in the previous chapter, but a more fundamental vector field set which is invariant 
after a 120° rotational transformation. In particular, the degeneracy and non-triangular 
symmetry of the first-order scalar modes, \|/e and \j/0, derived in the previous chapter, 
indicates that these modes are not true vector modes of the structure, but must be 
combinations of them.
To see this, note that a close analogy exists between the vector modes and their 
scalar counterparts in six-pen couplers, and the similar situation regarding the 1 = 1 modes
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Fig. 4.1
(a) The ideal six-port coupler consists of three identical fibres arranged at the vertices of an 
equilateral triangle. There are three axes of reflection and rotational symmetry, spaced 120° 
apart
(b) Two forms of the slightly non-ideal uniaxial sixport coupler to be treated in this chapter 
- isoceles triangle with displaced apex fibre, and equilateral triangle with slightly different 
apex fibre.
of the circular fibre. While the even and odd 1 = 1 LP modes satisfy the scalar wave 
equation, and any linear combination is also a solution (due to their degeneracy), only 
certain combinations are solutions of the vector wave equation. The allowed combinations 
are found either from symmetry principles, or solving directly from the vector wave 
equation.
The small polarization corrections also mean that the scalar degeneracy is split in 
the resulting vector modes. This means that beating (due to the different propagation 
constants of the vector modes) occurs if one of the scalar LP "modes" is launched, since 
this excites more than one of the vector modes. The beat length is very long, owing to the 
smallness of the polarization corrections, so the scalar analysis is adequate in most 
applications.
To view this another way, the two degenerate scalar "modes" in each case may be 
considered to be coupled to each other via the weak interaction between the fields at the 
core-cladding index boundaries, accounted for by the right hand side of the vector wave 
equation (2-13). This "coupled scalar normal mode picture" is equivalent to the "vector 
normal mode picture" adopted in this chapter and shows that complete coupling only occurs 
when the scalar LP modes being coupled are exactly degenerate, otherwise partial or no 
coupling occurs.
If the weakly-guiding six-port coupler is slightly non-ideal, (for example, isoceles 
in cross-section, as in Fig. 4.1(b)), the three-axis symmetry is broken and the normal 
modes must be plane-polanzed, parallel to a single pair of geometric axes, in which case 
the previous scalar analysis is valid. This is analagous to the breaking of circular symmetry 
in the 1 = 1 vector modes of a slightly elliptical fibre.
In modal terms, any vector combination of different scalar modes must consist of 
nearly-degenerate modes to be a solution of the vector wave equation in a weakly-guiding 
system. Breaking equilateral symmetry splits the scalar degeneracy and alters the required 
combination of LP scalar modes. In limiting cases, the scalar split in propagation constants 
is so great, compared to the weak splitting due to waveguide geometry, that no combination 
of different scalar modes approximates a valid solution of the vector wave equation. Hence, 
an individual scalar mode may only be combined with the orthogonally polarized version of
itself, leaving plane-polarized modes only. In the "coupled scalar mode picture", the 
non-identical scalar propagation constants mean that there is incomplete cross-talk between 
the scalar LP modes, and in the extremely non-ideal limit, there is none at all.
The smooth transition from the tri-axially symmetric normal modes of the ideal 
coupler to the LP scalar forms in the non-ideal case is governed by the relative sizes of the 
geometric correction terms and the split between scalar propagation constants, derived in 
the previous chapter. The geometric birefringence beat length is typically orders of 
magnitude larger than the scalar evanescent beat length in slightly non-ideal weakly-guiding 
couplers, so scalar differences between the modal propagation constants will generally 
swamp vector corrections, and hence render the tri-core system uniaxial.
The transition from tri-axial to LP modes thus occurs in a very small tolerance 
regime about the ideal configuration, compared to the regime for the transition from the 
ideal LP scalar modes to the non-ideal limiting modal forms in Chapter 4. A scalar analysis 
of any coupler in this "almost-degenerate" or "form birefringence" regime therefore yields 
the ideal LP scalar modes.
4.1.1 Fundamental Modes of the ideal coupler
(See Ecj . ( 3-2.8 b) mfU Q = 0  andt R-*l jor exötv>^ U )
In the previous chapter,^ve found that the fundamental scalar mode, \j/f . of the 
ideal sixport coupler is doubly degenerate. Thus, in weakly-guiding couplers, the two 
fundamental vector modes are well-approximated by certain combinations of LP versions 
of this scalar mode. (Combinations involving higher-order scalar modes are not solutions 
of the vector wave equation.) It turns out that any polarization direction of the fundamental 
vector mode of this three-core equilateral system is allowed, provided it is the same in all 
three fibres (i.e., any combination of the LP scalar modes is permitted). A physical "proof' 
of this is as follows :
Symmetry tells us that both of the fields shown in Fig. 4.2(a) are valid LP system 
modes, since each is the fundamental scalar mode %  polarized parallel to a geometric axis. 
They must be degenerate, since one is simply a 120° rotated version of the other. Thus any 
vector combination of the two is also a valid mode, and all polarizations (including elliptic 
and circular states) are therefore possible (see Fig. 4.2(b)). Two orthogonal versions are
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Fig. 4.2
(a) Two equally valid fundamental modes of the ideal sixport coupler, plane- polarized 
along symmetry axes.
(b) An arbitrary combination of the two modes in (a), also a valid mode, but may be 
plane-polarized in any direction.
(c) Two orthogonal fundamental modes, forming a basis set for the degenerate vector 
space of all valid fundamental vector modes of the ideal coupler.
required to form a basis pair of modes and, since we will later be examining uniaxial 
isoceles couplers, it is convenient to take the fundamental vector modes of the ideal coupler 
to be polarized parallel to the x and y axes, (see Fig. 4.2(c)). Then they are limiting forms 
for the non-ideal modes. Thus we write:
efc=Vf* =  *(Va+¥b + Vc)/V3
efy = Vfy =y(Va + Vb + Vc)/-/3
(4-1)
where x and y are unit vectors along the x and y axes.
4.1.2 First-order (1=1) modes of the ideal coupler
The degeneracy of the two first-order scalar modes \j/e and \jjr0 ° f  ideal 
sixport coupler implies that the four first-order vector modes of the weakly-guiding coupler 
are well-approximated by cartesian vector combinations of both LP scalar modes. We now 
deduce the necessary combinations physically.
The ideal (equilateral) coupler possesses a unique set of three axes of reflection 
and rotational symmetry, 120° apart. Each natural vector mode supported by this 
waveguide is characterized by a discrete "allowed" propagation constant. For each allowed 
propagation constant of the waveguide, there is a unique vector wave equation, for which 
there is a set of solutions, a "vector space of fields", with one, two or more degrees of 
freedom, and a corresponding number of "basis modes", depending on the degeneracy for 
that propagation constant. Each vector space is unaffected by 120° rotations of the 
co-ordinate system, or reflections through any of the three axes, since these leave the 
coupler unchanged physically (i.e. the set of fundamental vector modes spans a degenerate 
vector space with two degrees of freedom.)
Non-degenerate modes, with only one degree of freedom (an amplitude factor), 
must still satisfy the tri-axial symmetry requirements and must, therefore, be either radially 
or azimuthally polarized. This means that only two, if any, of the four first-order vector 
modes can possibly be non-degenerate.
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Conversely, if a mode is not triaxially symmetric, it must have at least one 
degenerate, non-triaxial partner. (N.B. A mode can not be symmetric about two of the three 
axes without being symmetric about the third.) Hence, the other two first-order vector 
modes of the ideal six-port coupler must be degenerate, and form the basis set of a vector 
space with two degrees of freedom, preserved under 120° rotations and axial reflections. 
Any mode in this set and a 120° rotation of it spans the doubly degenerate space, but two 
such modes are not orthogonal.
It is possible, however, to find orthogonal pairs of basis modes, each expressable 
in terms of two 120° rotated versions of the other. Such a pair may be chosen with both 
modes symmetric about one coupler axis, e.g. the x-axis. To specify these modes, we 
write the electric fields of the coupler in a general parametric x-symmetric form and deduce 
the geometric parameters from simple physical principles. The same general form may be 
used for the triaxial modes, since three symmetry axes automatically implies one symmetry 
axis. Our motivation for this is that later, in treating non-ideal couplers with only one 
symmetry axis, we consider the ideal tri-axial coupler modes as limiting forms of the 
non-degenerate uniaxial modes of the symmetric non-ideal coupler.
In an analgous manner to that used for the fundamental modes, we write the four 
first-order vector modes as sums of the four first-order LP scalar modes. The required 
combinations are written in the only two possible general uniaxial forms (i.e. the field lines 
obey "folding" or "reflection" symmetry) :
The subscript, h, denotes "higher order" modes, to distinguish these from the fundamental 
(subscript f) modes. These simplify by dividing through by one of the constants in each 
case, leaving one geometric constant in each expression :
(4-2c)
(4-2d)
w here Gj = ocoxJ /  a eyJ (j = 1,2) and Xj = a oyj / a exi (j = 1,2). Here, eex a n d e ey 
are the even LP scalar modes of the ideal coupler defined by :
The geom etric constants a exJ , a oyJ , a 0XJ and a eyJ , (more specifically, the ratios Gj 
and Xj), describe the shape of the electric fields, and will be derived for both the ideal 
six-port coupler and the the uniaxial non-ideal coupler.
Inspection shows that only two field patterns o f the form s in (4-2) possess 
folding-sym m etry about all three axes at once, namely "pure radial" or "pure azimuthal"
e„ = Ve X = £(2Va - Vb - Vc)//6 ; Cey = ¥e y = f  (^ a  ‘ Vb ‘ Vc )/^6
(4-3 a)
while eox and eoy are the odd LP scalar modes of the ideal coupler :
(4-3b)
f ie ld s :
(azimuthal symmetry) eh { = (eey - eox) / /2 (44a)
(radial symmetry) eh4 = (eex + eoy) / /2 (44b)
Thus Ci = -1 and x4 = 1. (Numbering convention due to symmetry grouping.)
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Fig. 4.3
(a) The two non-degenerate first-order vector modes of the ideal six-port coupler, one 
radially polarized, the other azimuthally polarized.
(b) Any non-trivial sum of the two tri-axially symmetric modes gives modes 
non-symmetric about any axis and implies that they are non-degenerate.
(c) An example of how the electric field lines of the two tri-axial modes may appear over 
the cross-section of the ideal six-port coupler.
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While non-degenerate first-order modes of the ideal coupler must be tri-axially 
symmetric, the converse is also true, i.e., the two triaxial modes shown in Fig. 4.3(a) must 
be non-degenerate, or else they could be summed to give another valid vector mode. 
Inspection shows that this is not feasible, (see Fig. 4.3(b)), since all non-trivial 
combinations of the two tri-axial modes are non-symmetric about any transverse axis, 
(although still invariant with respect to 120° rotations). This "spiral symmetry only" is not 
a property of the structure. Fig. 4.3(c) shows an example of how the field lines of the two 
tri-axial modes may look over the entire cross-section of the structure.
We may derive the other two degenerate uniaxial modes, and in several 
ways, e.g. by inspection - testing whether two trial fields of the form of (4-2) satisfy the 
requirements of orthogonality (to each other and the other four modes already found), 
degeneracy and uniaxial symmetry, which together guarantee their status as coupler modes, 
or by using the fact that they are orthogonal to the tri-axial modes, ehl and eh4. By 
inspection, it is readily shown that the following modes (see Fig. 4.4(a)) have the required 
properties:
C^ey "*■ (44c)
(« « - e„y)/V^ (44d)
Construction of either of these two modes from rotated versions of the other is sufficient to 
verify geometrically that the two are degenerate in the ideal coupler. Consider the example 
in Fig. 4.4(b) in which we add V3eh2 and to create a 120° rotated version of eh3 , 
and Fig. 4.4(c) in which one of the modes is constructed from a combination of two rotated 
versions of the other. Other rotations within this mode space follow in the same manner.
We may derive and from ehl and eh4 by orthogonality. First, note that the 
modes of the form given in (4-2a) and (4-2c) are automatically orthogonal to those in 
(4-2b) and (4-2d), since eex and eoy are both orthogonal to eey and eox . It remains 
therefore to compare the two modes within each form. Since eey and eox are orthogonal, 
we may write
ö
/  \  +
Fig. 4.4
(a) The two degenerate first-order vector modes of the ideal six-port coupler. The vectors 
have equal magnitude in each core, as in the tri-axial modes, but rotate anti-clockwise by 
120° for a clockwise progression around the fibres.
(b) A rotated version of one mode can be constructed from a suitable sum of the two 
degenerate modes.
(c) Adding two rotated versions of one of the degenerate modes gives the other.
(4-5)
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I Kl * ehJ dA =
Ao
[*ye + o, ö2(eOT)2] dA = 1 + a ,a 2 = 0
Thus the product of the geometric constants G} and g2 is -1. From (4-4a), a { = -1, so 
c 2 = 1 and (4-4c) holds. Likewise x4 = 1, so T3 = -1 in (4-4d).
As with the fundamental modes, the field vectors of the first-order modes are of 
equal magnitude in all three cores, suggesting intuitively that the vector forms are more 
symmetric than the first-order scalar modes discussed previously. In the triaxial case, the 
vectors shift 120° clockwise as we progress clockwise around each of the three cores, 
while an anticlockwise 120° shift occurs for the two degenerate modes, and all 
combinations thereof.
4.1.3 Transition from the Ideal Six Port Coupler to the Circular Fibre
Consider now a transformation of the equilateral array of Fig 4.2, under which 
the three cores coalesce into a single circular core with tri-axial symmetry maintained. In the 
last chapter we saw that each scalar mode of the six-port coupler possessed scalar 
counterparts in the circular fibre.
Now, we see from Figs. 4.2, 4.3 and 4.4 and Fig. 2.4(a) that the two 
fundamental and four first-order vector modes of the coupler are analagous to the six 
lowest order vector modes of the circular fibre, even to the extent that the expressions for 
each in terms of corresponding scalar modes of each structure are identical. (Equations 
(4-1) and (4-4) exactly match equations given elsewhere [Snyder and Love, 1983, Table 
13-1, P. 288] for the first-order circular fibre vector modes.) It is intuitive that the same 
combinations of the appropriate scalar modes will apply for all situations between the two 
limits, provided the same tri-axial symmetry is maintained.
Therefore, under this transformation, the two orthogonally-polarized fundamental 
modes of the three-core waveguide evolve to an orthogonally polarized pair of fundamental 
(1 = 0) modes of the circular core, each of which is well-known to be plane polarized. 
Likewise, the polarization pattem of each of the four first-order modes in Figs. 4.3 and 4.4 
reduces to a corresponding first-order (1 = 1) mode pattern of the circular fibre, as shown in
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Fig. 4.5
Transformation of the six lowest-order vector modes of the ideal three-core coupler to those 
of the corresponding fused waveguide (the circular waveguide). There is a close correlation 
between the polarization patterns in each limit, and similar modes must exist between the 
two limits.
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Fig. 4.5. This conceptual transformation may be realized physically in a well-fused three 
core tapered coupler provided the taper is adiabatic (i.e. sufficiently gradual that no 
coupling between the normal modes results from the taper).
As already pointed out, the scalar approximation is still adequate in most cases of 
interest, but this assumes weak-guidance. In the waist of a tapered coupler, power transfer 
occurs as a result of beating between the two fundamental and four first order vector modes 
of a circular waveguide. Because the circular cladding-air boundary is the guiding structure 
in this limit, the weak-guidance assumption breaks down and the first-order scalar LP 
mode approximations do not accurately describe light propagation. Hence, the vector 
modes shown in Fig. 2.4(a) must be used in the strongly tapered limit.
4.1.4 Transition from ideal to non-ideal 6-port coupler
Another transformation of interest takes the coupler from its ideal configuration to 
a completely non-ideal cross-section. In the previous chapter, we saw that extremely 
non-ideal uniaxial six-port couplers act effectively as two independent systems, namely the 
apex fibre and the two remaining "base" fibres acting as a two-core coupler. The normal 
scalar modes in this limit are simply the fundamental mode of the apex fibre, and the two 
lowest order (odd and even) modes of the base pair of fibres. In the vector picture, there 
are six LP modes, i.e., two orthogonally-polarized fields for each scalar mode.
Well before this limit, however, the six vector modes evolve from their ideal 
forms of (4-1) and (4-4) into the plane-polarized modes of the slightly non-ideal six-port 
coupler. The scalar modes \j/f » ¥o and ¥e are hardly affected by the small physical 
transformation needed to cause this change in the vector modes, and remain approximated 
by their ideal forms in (4-3). The fundamental vector modes efx and efy remain 
unchanged. The first-order vector modal fields, meanwhile, should still be expressable in 
the form of (4-2) even in the LP limiting case, as symmetry is maintained about the x-axis. 
This requires the constants Gj, Xj (j = 1,...,4) in (4-2) to evolve from ± 1 to 0 or ± as 
the coupler becomes more non-ideal.
The transition of first-order modes from tri-symmetric vector fields in the ideal 
coupler to LP scalar modes of the non-ideal coupler is characterised by the ratio of the
"scalar splitting" of the degeneracy (due to the perturbed cross-section) to the "form 
splitting" between propagation constants of vector modes (caused by geometric 
birefringence effects). Because form birefringence is so small, this ratio is extremely 
sensitive to slight deviations of the coupler from its ideal cross-section; scalar splitting 
easily swamps form birefringence if the coupler is not exactly ideal.
The transformation is analagous to the change from the circular fibre modes to 
those of the slightly elliptical fibre, as shown in Fig. 2.4(c), in that vector combinations of 
LP scalar modes reduce to individual LP scalar modes. However, in the case of the three 
fibre coupler, it is not immediately obvious, without performing certain calculations, which 
vector mode transforms to which scalar mode. The two transformations considered are a 
change in fibre-to-fibre separations, and a change in propagation constants of the one fibre 
relative to the other two, as were investigated in the previous chapter. We now present 
mathematical details.
4 .2  MATHEMATICAL DERIVATION OF THE VECTOR MODES OF
THE SIX-PORT COUPLER
4.2.0 Polarization Corrections from Perturbation Theory
In weakly-guiding waveguides, each vector mode, a solution of the complete 
vector wave equation of the structure, is well-approximated by a combination of solutions 
of the corresponding scalar w'ave equation.
The additive property of the scalar wave operator means that any linear 
combination of two degenerate scalar modes of a structure is also a solution of the scalar 
equation, and has the same scalar propagation constant. Because they are linear sums of the 
LP scalar modes \yf , \j/0 and \j/e , standard scalar perturbation theory yields the 
following propagation constants for the six vector modes of the ideal weakly-guiding six- 
port coupler:
Fundamental Modes : efx and efy : ß = ß + 2C
✓ V/ ----
First-order Modes : ehl , eh2 , eh3 and eh4 : ß = ß-C
where C is the coupling constant between any two of the fibres. These can be considered 
"zeroth-order" propagation constants. Scalar degeneracy means that the LP mode set of the 
previous chapter, or any linear combination of the degenerate scalar modes, including the 
set shown here, is equivalent in the scalar analysis.
We could, had we so chosen, have found the zeroth-order propagation constants 
o f the symmetric vector modes above by applying directly a "vector" version of the scalar 
perturbation expression (3-17):
where ehj is the jth "zeroth-order" vector mode with propagation constant ß , and em is 
an LP fundamental mode of the mth fibre, with propagation constant defined previously. 
However, this expression is exactly equivalent to the simpler scalar form used in the 
previous chapter, so no new information is obtained. Thus, a scalar analysis can not 
distinguish correct and incorrect combinations of scalar modes when we are constructing 
the vector modes of the coupler. ((4-6) re-appears in the next chapter, in which the non-LP 
modes of a two core birefringent coupler can be accurately deduced from a scalar analysis.)
Yet, there is a property which sets the correct combinations apart from other linear 
combinations of the scalar modes - the true vector modes satisfy symmetry relationships 
imposed by the refractive index boundaries of the three core structure, and are thus 
uniquely determined, in both ideal and non-ideal six-port couplers. Until now this has been 
assumed intuitively and will now be justified physically. We first examine physical 
differences between the true and "zeroth-order" vector modes of the ideal coupler.
Apart from uniquely determining the "correct" mode set, the geometric properties 
implicit in the terms on the RHS of the vector wave equation (2-13) also affect the 
propagation constants and the exact field patterns (i.e., the fields of the true vector modes 
differ m arginally from  their zeroth-order counterparts). However, while the field 
corrections remain acceptably small for most applications, phase errors, introduced by
(m=a,b,c)
(4-6)
assuming zeroth-order propagation constants, accumulate with distance along the 
waveguide, becoming large even over relatively short lengths. For example, exciting two 
or more first-order vector modes can result in beating, not deduced from a scalar analysis, 
in both polarization and field amplitude along the length of the coupler.
Hence, the principal required modification to the scalar analysis is to obtain, from 
the vector wave equation, polarization corrections to the scalar propagation constants. In 
chapter 2 we discussed such corrections in weakly-guiding waveguides and, if we simplify 
(2-21), the difference between the propagation constant ß for a true vector mode, e, (or 
the best trial combination of degenerate scalar modes of the weakly-guiding structure) and
r w
the scalar propagation constant ß of an arbitrary solution s of the scalar wave equation for 
the same general waveguide is :
3/2
ß .ß  = 8 ß = ^ r J  (pVt . s ) e . p V tfdA/Js . edA (4-7)
A» A-
where dots represent the scalar product, Vt is the transverse component of the vector 
operator V, f(x,y) gives the functional dependence of the squared refractive index profile, 
defined by (2-23), of a coupler made from fibres of radius p and waveguide parameter V, 
and integration is performed over the entire cross-section, . While s may be any 
solution of the scalar wave equation, it is most convenient to choose those solutions from 
which we are attempting to construct the vector mode itself, so that the propagation 
constant ß is simply the zeroth-order approximation to the vector propagation constant ß, 
and 5ß = ß -  ß becomes the first order correction to this.
Because we are to construct the six lowest order vector modes from the six lowest 
order scalar normal modes of the coupler, we must generate sets of simultaneous equations 
from (4-7), two for the fundamental (1=0) modes and four for the first-order (1=1) modes. 
Solving these yields consistent sets of field parameters for the two fundamental and four 
first-order vector modes.
In this manner, we treat the slightly non-ideal coupler, of which the ideal coupler 
is a limiting form. If the results are consistent, these modes should, as the coupler becomes
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equilateral, reduce to the symmetric ideal vector modes deduced physically in the previous 
section. Some ideal mode results can then be invoked to simplify the expressions for the 
modes and propagation constants of the symmetric non-ideal coupler. The expressions thus 
obtained are very similar to those obtained elsewhere [Snyder and Young, 1978, Snyder 
and Love, 1983] for the vector modes of a slightly elliptical fibre.
4.2.1 The Fundamental (1 = 0) Vector Modes of a Symmetric Sixport 
Coupler
We now determine, using (4-7), the first order geometric corrections to the 
zeroth-order scalar propagation constants of the fundamental vector modes, e^ and e^ ,
V  A /
defined in (4-1). The corrections (ß^ - ßf ) and (ßfy - ßf ) will be denoted 5ßfx and 5ßfy , 
respectively, hereafter.
From the physical reasoning in the previous section, any polarization is allowed 
in the ideal coupler for the fundamental modes, but in a completely non-ideal coupler, only 
LP forms exist. Hence, in a more general analysis of slightly non-ideal couplers, we 
construct the two fundamental vector modes from arbitrary combinations of the ideal LP 
scalar modes, xj/f* and , as follows:
q=1’2> (4-8)
where a fxJ and ccfyJ are constants to be determined. For an orthonormal pair of 
fundamental modes, we require
« )  + ( a p  =1 0 = 1,2) (4-9a)
and
<  a ?x +  a fy a ?y =  0 a! H  =  - af (4 ‘ 9 b )
For each mode, substituting efx and etfy for s in (4-7) yields two equations. When s = 
efx , we have
ÖVjff ,• i f 0 i
V‘ - S = Ä T  a n d  J s - ' e fj =  Ctf x J  V f d A  = cc)f:
A. A.
and likewise when s = e^ -y , we obtain
V. - s= J Md | s ^fJ=a;JvfdA = oJf)
A- A»
In both cases,
V v«f = 0iVf|r+ciVf§ <j=u>
(4-1 Oa)
(4-1 Ob)
(4-1 Oc)
Inserting these expressions into (4-7) yields the two equations
8ß. = ß - P, = - L  [ <  Dm + <4 Djy] (j -  1.2) (4-1 la)
°fx
S ß j  ß f j " ß f  j  ^ y x  +  “ f y  ^ y y ]  0  “  1 » ^ )
where
(4-1 lb)
(2A) p
oo  oc
JJd t f  dfdm dn
x or y
dm dn ( . )x or y (4-1 lc)
If the fibres are sufficiently far apart, the corrections in (4-11) are independent of 
fibre separation, since each integral is roughly a sum of three terms, one for each fibre, 
involving index profile and fundamental mode shape near each fibre. Thus, to order (A)3/2, 
the fundam ental mode propagation constant is given by its separation-dependent scalar 
value plus a small, constant polarization correction. The correction also varies if the cores 
are close.
The modal expressions and polarization corrections for the fundamental six-port 
coupler modes are exactly homologous to those for the LP modes of slightly non-circular 
waveguides examined in [Snyder & Love, 1983, sec. 32-5], and we may therefore follow 
the same analysis here (hence the same notation, , Dxy etc, for comparison) to show 
that the fields are polarized along the symmetry axes in the non-ideal coupler, and that the 
values obtained by solving (4-11) for and ctfyi are indeterminate in an ideal sixport 
coupler.
In particular, solving (4-1 la) and (4-1 lb) to find the unknowns a fxJ and ctfyi, 
or equivalently their ratio ctfyi / , yields the field angle parameter :
2 1/2
Cote. = (cc^ccp = { (dm - Dyy) ± [fax - D„) + 4Djy] } a Dxy
(4-12a)
where 9j is the angle between the field vectors (parallel in all three cores) and the x axis. 
The corresponding propagation constants for the two modes are :
2 1/2
ßf= ßf+ {(Ax + Dyy) ± [(Du  - Dyy)* + 4Djy] }/2 (4-12b)
where Dxy = has been assumed, and follows from the scalar wave equation, using the 
arguments detailed in [Snyder and Love, 1983, section 32-5, p.631], which are equally 
applicable in this case.
We could have invoked symmetry as follows: Consider the factors in the 
integrands of the "cross-product" integrals Dxy and . For the uniaxial couplers shown 
in Fig. 4.1, ideal and non-ideal, the profile function, f(x,y) is even about the x axis, i.e.
/ V  / \ J  s \ j
f(x,-y) = f(x,y). Similarly the scalar mode \j/f is even, i.e. \j/f (x,-y) = \ j (x,y) .  The 
derivative of each function with respect to x is, therefore, even about the x axis while each 
y derivative is odd. Thus Dxy and each involve the integral of a product of an even and 
an odd function, and must therefore be zero.
Meanwhile, the integrands in Dxx and Dyy are both even about the x axis, so 
both integrals are non-zero. We now show that in an ideal coupler.
As written, the integrals in Dxx and Dyy are evaluated with respect to the (x,y) 
co-ordinate system throughout. To compare them in an ideal coupler, we may divide the 
infinite cross-section into three infinite 120° sectors, and establish a radial-azimuthal 
co-ordinate system ( r j , Sj) in the jth sector (j = a, b, c), as shown in Fig. 4.6. The original 
(x,y) vectors are identical to (ra ,sa ), so Dxx may be written as a sum of three integrals:
where B = (2A)3/2 p/4V, and Aa , Ab , and Ac are the infinite sectors. Now, we may 
transform co-ordinates so that the integrands are expressed using local 120° rotated 
co-ordinates in their respective sectors, using the relations:
Thus, the factors in the integrands of Dxxa and Dxxb become, in their respective sectors :
(4-13)
rb = - r/2  - /3  s/2 ■H) r /2  - Sj/2
(4-14)
rc = - ra/2 + Ü  sJ2  sc = - -/T x j l  - s j l
d¥f _ i d¥f 73 9%
3ra 2 9rb 2 3sb 2 3rc 2 3sc
(4-15a)
iL=. I iL + Zi iL =. iiL. ÄiL
5ra 2 3rb 2 d sc 2 drc 2 3sc
(4-15b)
124a
Fig. 4.6
Establishing a radial-azimuthal coordinate system in each 120° sector of the cross-section 
of the ideal six-port coupler, in order to compare terms in the polarization correction 
expressions for the fundamental modes.
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Putting these back into the integral gives :
3ra
dr0ds, +
\
1 3f , 
4 dr. dr.b b 4 ds, 3s, 4 V 3r. as, 3s, 3r b bb b b b b b
+ r r 1 9 V f 9 f  . J L4 3rc 9rc 3 3^f 5f , V3 d f I4 3sc 3sc 4 '  3rc 3sc J r ) ]  drcdsc
(1-16)
Now, by symmetry in the equilateral coupler,
i £5iiLdrbdsb ^iiL3rc 3rc drcdsc
9 ^
9ra 9ra
* adsa (4-17a)
I
^i£it
9sb 9s„ *b dsb
^ £ j t  
3sa 3sa
drads3 (4-17b)
! ^ 7  J L9rb 9sb < V sb (4-17c)
3sa 3ra
dsadra (4-17d)
Thus, the integrals over Ab and Ac can be rewritten as integrals over Aa simply by
revert to the (x,y) notation. If we use a superscript "a" to denote integration over the Aa 
sector, we may write :
This expression is symmetric with respect to x and y, so we can infer that by swapping the 
x and y co-ordinates, we will arrive at a similar result for D ^ , and thus 0 ^ =  Dyy £3Dxxa).
In (4-12a), we see that zero appears as both numerator and denominator, so the 
solution for the parameters a fx) and is indeterminate, i.e., any polarization for the 
two vector fundamental modes is allowed, and the geometric correction to the propagation 
constant is simply Dxx, proportional to (A)3/2 for a given V. The indeterminacy is a direct 
consequence of tri-axial symmetry, and is resolved only when this symmetry is broken.
In the uniaxial (isoceles) cases shown in Fig. 4.1(b), Dxy is still identical to , 
but now Dxx *  Dyy . To see why, note that we may arbitrarily construct the same set of 
(rj,Sj ) axes in each fibre as used in the ideal coupler, so that expressions (4-13) to (4-16) 
still hold. Now, only the first equality in each expression in (4-17) holds in the general 
uniaxial coupler, so it is not possible to extract a similar symmetric relation to that shown in 
(4-18). Instead, the analagous expression would be:
replacing the subscripts "b" and "c" by "a" throughout. Since ra = x and sa = y, we now
(4-18)
(4-19)
where now the extra term (D ^ 3 - Dxxb) breaks the (x,y) symmetry of (4-18).
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In this case, the solutions for a fxJ / a fyi in (4-12a) are 0 and ± «> , depending 
on the sign of Dxx - Dyy, which depends on coupler geometry. (The ratios a fxJ/ oqyj are 
determined even if the numerator is zero, by reference to (4-9b).) Thus the fundamental 
modes of the uniaxial coupler are polarized parallel to the two geometric axes.
The two propagation constants follow from (4-12b) : If Dxx > , the positive
root in (4-12a) gives an x-polarized field, with propagation constant ßf = ßf + Dxx , 
while the negative root gives a y-polarized field with ßf = ßf + Dyy . If < DV7 , then 
the roles of the positive and negative roots are swapped. Obviously, only when Dxx = Dyy 
can the two fields be degenerate and therefore indeterminate.
4 .2 .2  The First-order (I = 1) Vector Modes of a Symmetric Sixport
Coupler
As with the fundamental modes, we may write each (unknown) first order vector 
mode as a sum of known first-order scalar LP modes of the ideal coupler:
— e^x ®ex o^y o^y e^y e^y o^x ®ox (4-20)
The four ideal vector modes determined physically fit this general form (with 
appropriate values of the geometric parameters a ex , a ey , a ox and a oy .) The vector 
modes of the slightly non-ideal coupler may be constructed from scalar LP modes of the 
ideal coupler since we are assuming that the departure from ideal is so minor that the scalar 
analysis remains unaffected, although the vector analysis may show major changes in the 
required combinations of modes.
As with the fundamental mode analysis, we may invoke (4-7) using the four 
scalar LP modes eex , eey , eox , and eoy in place of s, and the scalar propagation 
constant ße as the zeroth-order value of the true propagation constant ß . The four 
resulting equations are then solved to give consistent combinations of scalar LP modes, 
along with corrected propagation constants. As the same form for ehj applies for all four 
modes, we hefiafter drop the subscript j, for convenience, and denote the correction (ß - ß j  
by 5ße .
In (4-7), we may write eh . Vt f in terms of profile derivatives and scalar modes 
as follows:
eh • V, f = - ^ ( “ a  V e+^ox ¥ o ) + ^ - ( cte y V = + a o y ¥ o )  (4-21)
Likewise, inserting the four scalar LP modal fields for s yields other factors of (4-7) as 
follows:
s = ec
s
Hence, if s =
- » V
s _3Ve
3x ’ S • eh = a,, Ve
->?c • S " 1 T ; s . eh = aox y 0
-♦V,.
S ' W  ’
s . eh = ttey V f ]
-»V,
’  ^ — a°y
eex , then 5ße is given by (4-7) as :
(4-22)
3/2
(2A2y P J ^  [|[- (“ex Ve + a„* Vo) + (<*ey V= + %  Vo)] dA
5ße = ß - ße = ------------- -----------------------------------------------------------------------
j “exVjdA
A,.
(4-23)
where the area integrals are performed over the entire cross-section. Using normalization of 
\j/e , we simplify :
^ße [^ex ^ex,ex ^ox ^ex,ox ^ey ^ex.ey ^oy ^ex,oy]^ex (4-24a)
where
G ex,ex =  2B
G ex,ox “  2B
G ex,ey = 2B
I
A.
J
A»
I
A_
9 ? ,  3 f  ,7, H i
ITaT VedA
S i * «
^  \}/edA
3x dy
G ex,oy = 2B J
A»
(4-24b)
and B was defined above in (4-13).
Inserting s = eoy , s = eey and s = eox respectively into (4-7) gives:
ß - ßo =  Sße + (ß e -ß o )  =  [ctexGoy.e! +  « 0yGo '-’oy.oy ^  ^eyG oy,ey *** ^oxG oy ,ox]/^c
(4-25)
ß ' ße ^ße [^ ex G ey,ex ^ oyG ey,oy ^eyG ey,ey ^oxG ey,oxl^
(4-26)
ß “ ßo ^ße ^ (ß e 'ß o )  [^ exG ox,ex ^oyG ox,oy ^eyG ox,ey **” ^oxG ox,ox]/^
^-21)
where the geometric multipliers Giuj v are given by the general formula :
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u,v = x or y
(4-28)2B f ^  \j>. |f -  dA J 3u TJ 3v
ij = e or o
These multipliers are constants in this analysis, because we remain in the almost-ideal 
regime.
Before writing the set of equations, (4-24) to (4-27), in its natural form, a matrix 
equation, we simplify the analysis by eliminating some terms in the uniaxial coupler. In 
treating fundamental modes, we noted that the terms Dxy and were identically zero, as 
they were integrals of odd functions overall. In the same way, eight of the sixteen Giu jv 
factors are zero in the uniaxial coupler, since the integrands are odd with respect to the x 
axis. To see which are zero, we list the factors of each integrand into even and odd 
categories :
EVEN: 9f d¥e d?0
9x ’ dx ’ dy
ODD: - at ay, 9¥e
%  ’ dy ’ dx ' dy
Since all 16 integrands are formed from these, inspection yields :
^ex.ox ~  ^ex.ey ~  ^oy.ox — ^oy,ey — ^ox,ex — (-*ox,oy ~  ^ey.ex “  ^ey.oy ~  ^
(4-29)
Now the 4 x 4 matrix equation decouples into two 2 x 2  equations :
r Gex’a'5ße (^ex.oy r “" i . 1 1
G1— u oy,ex (Goy,oy - Aß) - Sßc J L aoy J L o J
(4-30a)
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[
G ey,ey“ ^ße G ex,ox
G ox,ey ( G ox,o x - A ß )  - 8 ß e l r r i r n
(4-30b)
where Sße = ß - ße is the polarization correction to the propagation constant of the even 
scalar LP mode, and Aß = ße - ß0 is the difference between the scalar propagation 
constants, or the "scalar split", due to the slightly non- ideal cross-section. In the ideal 
coupler, Aß = 0.
Because they are decoupled, (4-30a) and (4-30b) are solved independently to 
yield the propagation constants and field polarizations for a pair of modes for each 
equation. Therefore, the correction 8ße in (4-30a) is not necessarily the same as that in 
(4-30b), so to avoid ambiguity, superscripts 1,...,4 (one for each mode) will be added 
where necessary. The scalar split, Aß , is of course identical in each equation, as it relates 
to the scalar modes only.
For non-trivial solutions to (4-30a,b), we set determinants to zero :
[G ex.e* - 8ß= '4][(G oy ,oy  - Aß) - Sße'3 - G ^ A x . o y  = 0 (4-31.)
[Gey.ey - Sß 1 ’ 1  [(g„ , oj - Aß) - 8 ß f  ] - G0IieyGsy,0I = 0 (4-31b)
Had we left (4-30) as a 4 x 4 matrix equation, the non-trivial solutions would have been 
obtained from a condition in which the product of two determinants is zero, leading to 
(4-3la) and (4-3lb). In any case, we obtain a quadratic in 8ße , with solutions :
§ ße = ^ [ [ G ex,ex +  G oy)0y ' A ß ]
±  { [ G ex,ex +  G oy,oy ’ Aß] + 4 [ G ex,oyG oy,ex ' G ex,ex(G oy,oy “ Aß)] } ]
(4-3 2a)
5ße,2 = | [ [ Gey.ey + Gox,ox-Aß]
-  { [ G ey,ey + G ox,ox " Aß] +4[Gey,oxG ox,ey " G ey,ey(G ox,ox " Aß)] } ]
(4-32b)
The corresponding solutions for the angle parameters follow from (4-30): 
§ ■ =  (5 ß!'4 - Ga , J  / G »,oy (« 3 a )
^ i = ( 5 ß e ' 2 -G ejr,ey) / G ey>M (« 3 b )
Writing these explicitly in terms of coupler propenies (eliminating 5ß ):
aoy _
~ 2 _ i/2
[G oy,oy"G ex,ex”A ß ] ±  { [ G ex.ex+ G oy,oy-Aß] +  4 [ G ex,oyG oy,ex-G ex,ex(G oy ,oy -A ß )] }
2 Gex.oy
(4-34a)
1 3 3
Gey,y(G0I.0X-Aß)]}'ß
2 G,ey,ox
(4-34b)
Thus, there are two pairs of modes, one consisting o f combinations of eex and and the 
other o f eox and e Qy . This uniaxial symmetry was built in by (4-29); any other pairing 
yields modes asymmetric about the x axis. W e could use (4-24) to (4-27) in any geometry, 
but the complicated solution of the general 4 x 4  determinantal equation yields little insight 
into non-ideal mode properties.
As w ritten, the solutions for 8 ß e in (4-32) and the geom etric angle ratios 
ocoy/ocex and a ox/  a ey in (4-34) appear com plicated, but may be sim plified using more 
sym m etry argum ents. A direct approach w ould evaluate and com pare various integral 
factors, e.g. Gex ex and Goy oy , to find all relevant equalities, as we did for D xx and Dyy 
previously. In this instance, however, this is both tedious and unnecessary. Since we are 
dealing with almost-ideal cross-sections, all information contained in the integrals Giujv is 
related to the ideal coupler. (Effects due to non-ideal cross-section are built into (4-30) via 
the split Aß between the scalar propagation constants.) Hence, by com paring (4-34) to the 
results for the vector modes o f the ideal sixport coupler, deduced physically previously, we 
use the same symmetry information as we would have in comparing the geometric integrals 
Gi . by direct evaluation. This simplifies (4-32) and (4-34) in almost equilateral uniaxial 
couplers.
The ideal modes, given in (4-4), fit into the formalism of (4-20) and we see th a t:
-^ - (A ß  = 0) = ± 1 (modes eh4 , eh3 ) (4-3 5a)
(4-3 5b)
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^ _ ( A ß  = 0) ± 1 (modes eh2 , e h l )
ey
By inserting Aß = 0  in to  (4-34a), we obtain :
CX0y
(Goy.oy ^ex.ex ) ± { ( g ex,ex+ G oy,oy ) +4(Gex,oyG oy,ex~G ex,exG oy,oy )}
'ex,oy
^ -36 )
C om paring (4-35) and (4-36) yields :
oy.oy ’ex, ex (4-37a)
(Gex,oy G oy,ex \ m)  /G ex,oy ± 1 -> G ex,oy 'oy,ex (4-37b)
Sim ilarly , w e m ay show  :
'ox, ox ’ey.ey (4-3 8a)
/  \ 1/2
( G ox,ey G ey,ox) / G ey,ox = ± 1  G ey,ox =  G ox,ey (4-38b)
These results m ay now  be re-inserted  into (4-34) to give :
- A ß ± { 4 G *  + (Aß)2 }
2 G ex.oy
1/2
(4-3 9a)
(4-3%)
a „  -Aß ± {4 Gey.ox + (Aß)2}'
2 G ey,ox
The corresponding propagation constants , derived from (4-32), of the four modes of 
the slightly non-ideal uniaxial coupler are :
1/2
ßh4,3 = < ß >  + G oy.oy ± { 4G ;,oy + (Aß)2} /2 (4-40a)
ßh2,  = < ß >  + O ox,ox±{<,ox + (Aß)} n (440b)
where <ß> is the mean of the first-order scalar propagation constants :
< ß>  = (ße + ß0) /2 (440c)
In the ideal coupler, we can obtain the split between the propagation constants of the vector 
modes ehl and eh2 , and the split between those of and eh4, from (4-40b) and 
(4-40a) respectively:
ßh4- ß h3 = 2G eXi0y = 27t/LB(3,4) (441a)
ßh2'  ßhl = 2 Gey,ox = 2 k  /L41,2) (441b)
where LB (1,2) is the beat length between modes ehl and and LB (3,4) is the 
corresponding length for modes and eh4 in the ideal coupler. Hence :
V * . . ( i ^ )  (f §  * . £ « * ) - i f “ )"
A«,
(442a)
Lb(1,2) = tc/Gey ,ox (-^ c o 2rcV
A,»
3y (2A )3/:2p
3LhaV A J 3y ¥o 3x dAj
A_
(442b)
These are the lengths over which polarization beating would occur if one of the LP scalar 
modes was launched into such a coupler. The beating would cause e^, to
evolve to eax and back to eey over the length LB(1,2), for example. As defined here, 
these beat lengths are all proportional to (A) '1 for fixed refractive index and wavelength, or 
proportional to (A)*3/2 for fixed V.
Using the vector splits in (4-41) to scale the scalar split Aß in the non-ideal 
coupler, we rewrite (4-39):
= A3 .4 ±(1 +A3.4 )l/2 (443a)
OC /  7 4 /2
0 T = Ai 4 ( 1 +Au )  (4-43b)ey
where the scaled scalar split parameters Al 2 and A3 4 are defined :
Au  = (ß o -ß e )/(ß hr ß h2) (443c)
A3,4 = (ß„-ß« )/(ßh3 -ß h4) (443d)
These expressions match those given in [Snyder & Love, 1983, p.636, eq.32-46] for the 
first-order modes of an almost circular waveguide. Thus, not only is there a one-to-one 
correspondence between the first-order vector modes of the ideal sixport coupler and of the 
circular fibre, but now, for small deviations from the equilateral cross-section, the 
first-order modes of the non-ideal coupler have counterparts in slightly elliptical fibres. We 
now consider implications of the above results with a view to completing our modal
description of the six-port coupler in transition between its ideal equilateral cross-section 
and its non-ideal limits.
The complete mapping of low-order modes of the single-core waveguide to those 
of the three-core waveguide suggests that the above analysis also applies to couplers 
intermediate between these two situations, e.g. a fused coupler in which three fibres have 
partially or completely merged to form a rounded triangular waveguide with one axis of 
symmetry (or three in the ideal case).
Thus there are six "lowest order" modes (two fundamental and four first order) of 
any of the intermediate structures, provided the first-order modes are not cut off (as may 
occur in a severely tapered waveguide). In any triaxial waveguide, the fundamental vector 
modes are simply given by the first-order scalar LP modes, with any polarization, while 
only two polarizations are permitted for the fundamental modes in a uniaxial waveguide. 
The first-order vector modes are given by (4-20) where the fields eex , eey , eox and 
are the appropriate first-order even and odd scalar modes of the structure and the geometric 
coefficient ratios a oy / a ex and a ox/ a ey are given by (4-43).
4 .3  TRANSITION FROM THE IDEAL TO THE NON-IDEAL
COUPLER
4.3.0 Sign of the Vector Transition Parameter in the Almost-Ideal Coupler
From general expressions, for the modes of a slightly non-ideal coupler, we now 
proceed to examine simple deviations from the ideal cross-section. In particular we treat 
those covered in the previous chapter, namely one fibre slightly different to the other two in 
an equilateral cross-section, and three identical cores in an isoceles (almost equilateral) 
triangle. These two types typify the simplest non-ideal cross-sections likely to be 
encountered in fabricating six-port couplers. (Other deviations, including deformed core 
shapes, asjmmetric outer cladding, etc., are beyond the scope of this work.)
We have already noted that for very small deviations from the ideal cross-section, 
the fundamental vector modes remain unchanged, and are well- approximated by the LP 
fundamental scalar modes of the ideal coupler. It remains therefore to describe the 
first-order vector modes, which change significantly as the cross-section is varied slightly
about the ideal shape.
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To interpret (4-39) to (4-43) physically, we must know the sign ( + or - )  of both 
the scalar split Aß = ße- ßQ , and the vector splits ßhl - ß ^  and ßh3 - ßh4 , so 
that the signs of A12 and A3>4 are known for small deviations from the ideal. Exact 
magnitudes of A12 and A3 4 are not required to describe the qualitative form of each 
mode in each non-ideal regime.
From (4-41), the vector splits ß^  - ß ^  and ß^  - ßh4 are found from the 
integrals Giu^ v , some of which depend strongly on coupler geometry (unlike Dxx and 
in the fundamental mode analysis), so that calculating their magnitude and sign is neither 
simple nor general. Indeed, the analagous vector corrections for the (1=1) modes of the 
circular fibre can swap sign in some situations, for example, as V is increased [Snyder and 
Love, 1983, p321]. We would therefore expect similar properties in fused couplers 
intermediate between the three fibre and one fibre limits. It is not possible therefore for a 
general analysis to specify the signs of ßhl - ß ^  and ßM - ß ^  in the denominators of 
A12 and A3 4 , so we must allow both possibilities.
We now examine the scalar split, Aß = ße - ßQ , for small changes from an 
ideal cross-section, so that a scalar analysis to first order in the non-ideal parameter applies. 
From the previous chapter, the propagation constants for the two first-order LP scalar 
modes are given by:
where ßb is the scalar propagation constant for the fundamental mode of fibre b in 
isolation, C = is the coupling constant between fibres "b" and "c" (the "base" fibres in 
the isoceles triangle) and the parameters R and Q describe the non-ideal scalar properties of 
the coupler. R describes a coupler with unequal separations between fibres :
ße = ßb + c[l +Q - ( q2 -2Q+ 1 + 8R2) lß] n (444a)
(444b)
R  =  C ab/C bc = Cac/Cbc (445)
where Qj is the scalar coupling constant between the ith and jth fibre in isolation. 
Likewise, Q describes the relative difference between the fibres :
Q = (ßa '  ßb) / C = (ßa - ßc) /  C (446)
where ßj is the scalar propagation constant of the jth fiber in isolation.
From (4-44) we have the scalar split for a non-ideal uniaxial coupler :
Aß = ße - ßo = [3 + Q - (Q2 - 2Q + 1 + 8R2) ] C/2 (4-47)
This expression will now be reduced to a first order approximation.
For an almost equilateral coupler, R may be approximated by ( 1 - e ) where 
le l« l .  Clearly, 8 is positive if the isoceles triangle is elongated (since Cab < ), and
negative in a flattened isoceles triangle. Assuming small magnitude for Q and £ , the scalar 
split in (4-47) may be approximated :
Aß = 2C(Q + 2e) / 3 (448)
Thus, in an isoceles arrangement of identical fibres, if the two sides are longer 
than the base, the scalar split Aß is positive, and if shorter, Aß is negative. Also, if R=1 
in (4-47) and IQI «  1, (equilateral arrangement with one fibre slightly different), the sign 
of the scalar split is the same that of the difference between propagation constants of the 
fundamental modes of the apex and base fibres. Fig. 4.7 tables these conclusions for each 
slightly non-ideal regime. It is possible for the two effects to cancel if Q = -2e, giving two 
degenerate scalar modes, as in the ideal coupler.
IDENTICAL FIBRES NON-IDENTICAL FIBRES
ISOCELES ARRAY EQUILATERAL ARRAY
©W  R<1 
/ \(£>0)
Ö “ -(D
Ap>0
Q>0^©) 
0 .....0
©X  R=1 
/ \(£=0)
0 .......0
II O 0
0 = 0/ \  
0 ......O
k©) (s<0) 
0 ......0
oV<h 0
Q < o /  \
o .......©
Fig. 4.7
The sign of the first-order mode scalar split Aß = ßs - ß0 in the slightly deformed 
six-port coupler for each of the non-ideal cases examined.
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4.3.1 Mode Transitions within the Form Birefringence Regime
We define the "Form Birefringence Regime" as that in which the first- order 
vector modes of the ideal or almost-ideal six-port coupler are not plane- polarized like the 
scalar modes of the previous chapter. (This does not mean a scalar analysis is inappropriate 
- indeed, many of its conclusions, relating to power transfer and phase relationships over 
the short lengths of typical couplers for example, remain essentially unchanged by the 
vector analysis.)
In this regime, the vector normal modes are polarized differently in each fibre, in 
keeping with the equilateral or almost-equilateral symmetry. The slight polarization 
corrections to the scalar propagation constants, due to the presence and shape of the finite 
step (or graded) core boundaries, are greater than or comparable to the small scalar 
differences between the zeroth-order propagation constants. Thus, we could also label this 
the "almost degenerate" regime, in reference to the scalar description.
We have seen, in our analysis of weakly-guiding structures, that the true vector 
modes are well-approximated by combinations of LP scalar modes of the ideal structure, 
and that the required combinations vary with the coupler geometry. As the coupler deviates 
more and more from its ideal shape, the true coupler modes approach one or other of the 
zeroth-order ideal LP scalar modes, and then the coupler is truly in the scalar regime. The 
entire transition amounts to only a very slight departure from the ideal coupler shape, and 
the fundamental modes, in particular, remain unchanged from their ideal LP forms.
We now interpret the results of the previous subsection geometrically to illustrate 
the transition of the first-order vector modes from tri-symmetric forms in the ideal coupler 
to limiting LP scalar forms in the slightly non- ideal coupler. The transition is specified by 
the geometric ratios ocoy/a ex and a ox / a ey , from which the mode polarization angles 
are deduced. These depend, in turn, on the magnitude and sign of the scaled scalar split 
parameters A12 and A3 4 , defined in (4-43). If the vector splits, ßhl - ß ^  and ßw - 
ßh4 are positive, (4-43) tells us that the respective signs of A12 and A3 4 are opposite 
to the sign of the scalar split Aß , in each regime shown in Fig. 4.7. If the vector splits are
/ s /
negative, the signs of A12 and A3 4 match that of Aß . (Of course the signs of ßhl - 
ßh2 and ß ^  - ßht4 may differ in some geometries.)
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Clearly, in the ideal coupler, A12 = A3>4 = 0. The angle parameters reduce to 
+ 1 for two of the four modes (e^  and eh4 ) and -1 for the others (ehl and eh3 ), giving 
the familiar scalar mode combinations shown in Fig. 4.3.
As the coupler depans from its ideal shape, the scalar split Aß grows in 
magnitude, and thus A12 and A3 4 increase in magnitude towards For the sake of 
illustration, we assume both ßhl - ß ^  and ß^  - ßh4 are negative, Thus, we show the 
four first-order vector modes as the coupler evolves from one non-ideal limit of the form 
birefringence regime through the ideal case to the other non-ideal limit, for both isoceles 
couplers with identical fibres (Fig. 4.8) and equilateral couplers with one different fibre 
(Fig. 4.9).
Clearly, as the ratios a oy / a ex and a ox/ a ey change from 0 to ±°°, or vice 
versa, the four modes evolve from one ideal LP scalar member of an associated pair to the 
other, (e.g., eex evolves to eoy and eoy evolves to eex ). This is due to reflection symmetry 
of the coupler throughout the transition, (see (4-29)) and occurs regardless of the signs of 
the vector splits (i.e. eex always evolves to eoy .) However, the ideal vector mode which 
appears in the middle of each "line of evolution", depicted in Figs. 4.8 and 4.9, does 
depend on the sign of the relevant vector split; had the signs for ßhl - ß ^  and ß^  - ßh4 
been reversed, then eex would have evolved to eoy via the ideal vector mode instead
of eh3 •
4.3.2 Mode Transitions over the Entire Scalar Regime
The vector transitions of Fig. 4.8 and Fig. 4.9 are sub-sets of more 
comprehensive transitions from one completely non-ideal scalar limit to the other, shown in 
Fig. 4.10 and Fig. 4.11, respectively. (These were analysed in the previous chapter.) Each 
LP scalar mode evolves to its symmetric counterpart due to the modal cross-overs which 
occur in Figs. 4.8 and 4.9.
The mode transitions pictured in Figs. 4.8 to 4.11 are only observable in slowly 
varying (including non-varying) couplers, in which a local mode description applies. This 
is so if the transition takes place adiabatically, i.e. the "characteristic length" over which the 
coupler traverses the form birefringence regime of Figs. 4.8 and 4.9 is much longer than
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the beat length between the ideal vector modes. The ideal vector modes are only observable 
in a real physical transition if it ends exactly in the ideal configuration. If the transition ends 
in a non-ideal configuration, and the sign of the relevant vector split is unknown, then the 
coupler acts as a deterministic "Black Box", with the same output mode from each given 
input mode.
This, incidently, suggests a realization of a wavelength-independent power 
splitter : If the apex fibre of a completely non-ideal uniaxial coupler is excited at the input, 
this excites only one first-order normal mode (and no fundamental modes). Now, if the 
coupler evolves adiabatically to an ideal cross-section in the coupling region, and tri-axial 
symmetry is maintained from there to the three outputs, one and only one of the four ideal 
first-order vector modes will exit the coupling region. All three output fibres must then 
have the same power - a 1 x 3 power splitter/combiner. (The transition must occur within 
the coupling region, to be adiabatic in a finite length.)
If, however, the coupler evolves to a non-ideal coupler in the coupling region, 
with uniaxial symmetry maintained, the output will always have only the two base fibres 
equally excited - a 1 x 2 power splitter/combiner.
Because the form birefringence is so weak, it is likely that some real transitions 
through the ideal configuration happen too quickly to be adiabatic. In such cases, the vector 
modes physically couple and each LP scalar mode evolves to a combination of its 
complementary mode and itself (if symmetry is maintained). Such coupling is 
wavelength-dependent.
In the extreme case, the transition becomes "abrupt", i.e., much shorter than the 
form birefringence beat length. In this case, the LP scalar modes, which would normally 
appear to "swap places" in the ideal cross-over (black box) region of an adiabatic transition, 
instead remain unchanged, so that each evolves to itself from one limit of the form 
birefringence regime to the other. In these cases, it is as if the ideal/ almost-ideal section 
was cut out (no scalar mode swap in the middle) and the original scalar analysis from the 
previous chapter applies in its entirety.
4 .4  CONCLUSIONS
In this chapter, we have extended the scalar analysis of the weakly- guiding 
six-port coupler, given in the previous chapter, to include the simplest effects of form 
birefringence on the fields and propagation constants of the two fundamental and four 
first-order normal modes of the coupler.
Uniquely determined by the complete vector wave equation, the true vector modes 
of the ideal equilateral coupler are constrained by the tri-axial symmetry conditions. In 
particular, the fundamental vector modes are given accurately by the degenerate 
fundamental LP solutions of the scalar wave equation, while the first-order vector modes 
differ markedly from their LP scalar forms. As with the LP scalar modes, each vector mode 
of the ideal coupler has a counterpart in the circular fibre. Launching one of the first- order 
LP scalar "modes" excites two true first-order coupler modes, leading to beating, over long 
length scales, in polarization and amplitude. In the short lengths typical of couplers, 
however, the scalar results for power transfer and field phase relationships are sufficiently 
accurate for most applications.
In both ideal and non-ideal weakly-guiding six-port couplers, the vector modes 
are given accurately by combinations of the scalar LP modes. As the ideal cross-section 
deforms slightly, the vector modes tend towards one or other of the LP scalar modes, just 
as the modes of the slightly elliptical fibre evolve from circularly symmetric vector forms 
towards LP modes. The extent of this transformation depends on the ratio of beat lengths 
due to form birefringence and scalar splitting of the first-order modal degeneracy. As form 
birefringence is so weak, only very small perturbations are required to break the triaxial 
symmetry of the ideal coupler, so that the coupler supports LP modes only. This gives rise 
to the concept of a "form birefringence" regime, in which geometric effects influence the 
polarization patterns of the true vector modes, and a complementary "LP scalar" regime, in 
which form birefringence may be neglected.
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CHAPTER 5
BIREFRINGENT COUPLERS
5.0 INTRODUCTION
In this chapter, we extend the simple evanescent coupler description of Chapter 2 
to a pair of identical birefringent fibres, composed of anisotropic cores, within an isotropic 
cladding. Of particular interest are couplers with enough material anisotropy to overwhelm 
form birefringence, [ßx - ßy], associated with the non-circular cross-section of the 
composite waveguide, but much less anisotropy than would be necessary for polarization 
beam-splitting in one coupling length [Snyder and Stevenson, 1985; Snyder and 
Stevenson, 1986]. (Polarization splitting will be dealt with in the following chapter.)
Non-parallel stress axes lead to interesting propagation phemomena, such as 
deterioration of the polarization-holding ability of the coupler, and power transfer that 
occurs on two different length scales. Because the fibres are uniform along their length, the 
physics is most easily displayed by finding the four (normal) modes of the composite 
two-core system - modes with electric field vectors that are neither parallel nor 
perpendicular to each other, and with different propagation constants.
In section 5.2 we present a summary of the most important results, and in the 
sections following we present the full mathematical details. Section 5.3 gives the derivation 
and vector description of the modes of the coupler and 5.4 considers the electric fields 
propagating in birefringent couplers as a result of launching polarized light into one input 
port. The motivation for this analysis and progress to date in fabricating and understanding 
birefringent couplers are now detailed.
5.1 BACKGROUND
The strict single-polarization requirements of coherent optical fibre systems, fibre 
gyroscopes and polarization-dependent fibre sensors have created a need to fabricate in-line 
components, such as directional couplers, which are able to preserve the required 
polarization state to a high degree. To this end, a growing research effort has been directed 
recently towards fabrication and improvement of new types of birefringent optical fibre
couplers, as well as the theoretical aspects of their development, such as modelling, 
analysing and designing them for optimal performance.
A variety of fabrication techniques, including fusion-tapering, etch- fusion and 
polishing, have been reported, and have met with varying degrees of success.
Fused isotropic couplers provide some geometric birefringence, but this is only a 
weak effect, visible as a modulation of the coupling cycles over a long coupler, and 
resulting in periodic polarization splitting at the output pons. [Love and Hall, 1985, Payne 
et Al, 1985a,b, Snyder, 1985] This is discussed briefly in the next chapter. Form 
birefringence is not sufficient to reliably maintain an input state of polarization in the 
presence of physical perturbations, so isotropic couplers are not practical in applications 
which require strict polarization maintenance. To make these couplers more useful, it is 
possible to modify the coupling region, e.g., by depositing a layer of metal around the 
coupler waist [Kawachi and Kobayashi, 1984] to absorb one state of polarization. 
Birefringent fibre couplers offer better prospects, however, as both polarizations may be 
used.
The earliest reported birefringent couplers [Kawachi et AL, 1982], made using a 
fused biconical taper process, resulted in 15 dB polarization isolation and 3 dB loss. Two 
PANDA fibres [Sasaki et Al.,1984] were fused, after aligning the optical axes and coating 
the fibres with a layer of glass particles by chemical vapour deposition (CVD), and then 
drawn in a conventional manner [Kawasaki et Al., 1981].
Fusion tapering of birefringent fibres has since been extensively developed. 
Another early effort [Villarruel et Al., 1983] involving an etch-fusion process with single 
polarization fibre (Hitachi elliptical jacket fibre), resulted in a coupler with better than 6.7 
dB polarization isolation, without particular effort in optical axis alignment.
Much of the work on fused-taper couplers has involved PANDA fibres (the 
acronym stands for Polarization maintaining AND Absorption reducing), which consist of 
two circular doped stress-regions either side of a circular core, all embedded in isotropic 
silica cladding [Sasaki et Al.,1984, Sasaki et Al., 1986, Noda et AL, 1986]. The 
birefringence is a result of the large stress in the core region, and it has been shown that 
much stress remains even when two such fibres are fused together [Shibata et AL, 1984].
151
Early PANDA couplers were successful in terms of coupling ratio and isolation 
ratio, [Yokohama et AL, 1985] with extinction ratios of up to 40 dB possible using Single 
Polarization Single Mode (SPSM) PANDA fibres [Okamoto, 1984, Yokohama et 
Al.,1984]. However, excess loss was high, around 3.6 dB, due to the index mismatch 
between core and stress-applying parts [Kawachi et Al., 1982]. Development of matched 
index PANDA fibres offers prospects of significant improvement in this figure, e.g. 
[Yokohama et Al., 1986], in which excess loss was reduced to around 0.1 dB while an 
isolation ratio better than 30 dB was maintained. Another suggested remedy to the problem 
of excess loss with depressed index regions is to taper the fibres more gradually in a longer 
coupling region, and keep the minimum waist diameter as large as possible [Noda and 
Yokohama, 1988, Yokohama et AL, 1988]. This is in keeping with previous theory [Love 
and Henry, 1986].
Another type of fibre used to make polarization maintaining couplers is the 
D-fibre [Dyott and Bello, 1983], so-called because of its cross sectional shape, with an 
elliptical core providing geometric birefringence. The core is adjacent to the flat face and its 
major axis is parallel to it. This allows for lateral access to the guiding regions without 
severe etching or polishing (which degrade the birefringence) and enables the optical axes 
of two such fibres to be aligned automatically, by placing them face-to-face. Methods used 
in coupler fabrication with D-fibre include fusing and tapering within or adjacent to a glass 
tube [Dyott and Bello, 1983, 1984], and modification of the index profile by controlled 
heat-induced diffusion of core dopants to allow for the fields to spread and couple 
[Handerek and Dyott, 1985].
In the same period, development has taken place in polished-type birefringent 
couplers, although to a lesser extent, due to their environmental sensitivity and their limited 
potential for large scale production. The basic polishing technique [Bergh et AL, 1980] 
consists of cementing a fibre in a curved groove in a silica block and lapping away the 
exposed cladding region towards the core until power transmission starts to drop. Bringing 
the lapped surfaces of two such fibres into contact results in a tunable coupling ratio.
The first application of this technique to birefringent fibres involved the use of 
self-aligning fibres [Pleibel et Al., 1983]. These stress-ellipse type fibres were oval, rather
1 52
than round, with the inner optical exes parallel to the outer geometric axes. Bending 
automatically occurred about the major geometric axis, so that the optical axes of the two 
fibres were aligned in the coupling region. Polarization isolation averaged 20 dB, the 
polarization- dependent coupling ratio was around 50 %, with 1.6 dB excess loss.
In another early experiment [Nayar and Smith, 1983], care was taken not to lap 
the cladding right down to the core, in order to maximize residual birefringence. This 
resulted in 40 dB polarization isolation at the outputs and excess loss around 0.5 dB. The 
power split ratio was found to be slightly polarization-dependent, and a polarization 
splitter, based on this, was suggested (see next chapter).
PANDA fibres have also been employed in polished-type couplers [Arikawa et 
AL, 1988b] with the most important observation being that the polarization cross-talk was 
increased markedly by small angular misalignments between the two optical axes. The 
results showed degradation of isolation from around 40 dB for aligned fibres, to around 15 
dB with a 9 degree misalignment.
In one case, a combination of the polishing and fusion-taper techniques has been 
reported [Corke et Al., 1985]. The authors used a selective cladding removal step, prior to 
a fusion-taper process, to make couplers from bow-tie fibres.
The theory of optical cross-talk due to evanescent coupling between two parallel 
cores that are weakly-coupled and weakly-guiding is well-known [Snyder, 1972, Snyder 
and Young, 1978, Snyder and Love, 1983, pp. 387-399; 567-584], and is applicable to 
polished-type aniostropic couplers. [Snyder and Stevenson, 1985, 1986, 1988]. The 
problem of coupling between two anisotropic fibres has been treated elsewhere, using 
coupled mode theory [Chen and Bums, 1982, Grochowski et Al., 1984, Shafir et Al., 
1988], and the reader may wish to compare the following treatment with these analyses.
In particular, the evolution of the state of polarization along a birefringent coupler 
has been determined using a Jones matrix and the equivalent lumped element representation 
for each path between the input and output ports [Chen and Bums, 1982] . The treatment, 
while involved, provides a mathematical description of couplers made from aligned, 
misaligned or twisted birefringent fibres and considers their polarization-holding 
properties.
Wave coupling between the fundamental vector modal fields of two identical, 
polarization-maintaining, weakly-guiding fibres was analysed using an "improved" coupled 
mode theory, to calculate elements of a coupling matrix [Shafir et Al, 1988]. Eigenvectors 
and eigenvalues of the matrix were calculated as a function of tilt angle between the fibre 
optical axes, and symmetry was used to simplify the treatment. It is worth noting, at least 
in the weak guidance weak anisotropy limit, that the coupled mode approach is equivalent 
to the perturbation approach to be adopted here; the same eigenvalues (geometric modal 
parameters) are derived in [Shafir et AL, 1988, Eq. (17)] as were found using perturbation 
theory [Snyder and Stevenson, 1985] (see Eq. (5-17) below).
In this work, we have chosen to adopt the more physically intuitive normal mode 
approach in analysing polarization phenomena in couplers with non-aligned core stress 
axes, since this is likely to be more easily and widely understood.
5 .2  PHYSICAL DESCRIPTION 
5 .2 .0  Model for Birefringent Couplers
In line with the previous intuidve treatment of isotropic evanescent couplers, we 
may ignore form birefringence to lowest order and model the birefringent coupler as two 
identical, parallel, anisotropic cores in an infinite cladding. Figure 5.1 shows this 
arrangement for two pairs of fibres with non-aligned transverse optical axes.
To model an anisotropic fibre, we chose in Chapter 2 to treat the core as a 
circular, anisotropic cylinder of radius p embedded in an isotropic cladding. The same 
conventions apply here in the birefringent coupler model, namely that each fibre's step 
circular profile is as shown in Fig. 2.6(a), and that the fibres are weakly guiding and 
weakly birefringent. We may once more define the profile height parameter as
where na is the core refractive index for light polarized parallel to a, and ncfi is the 
isotropic cladding index. The approximation applies in the weak guidance limit, where 
A « 1  . Similarly, the profile anisotropy parameter is
(5-1)
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Fig. 5.1 : Cross-section of birefringent coupler consisting of two identical anisotropic cores 
identical to the one shown in Fig. 2.6, embedded in an infinite isotropic cladding. The coupler in 
(a) is equivalent to the one in (b) since we ignore form birefringence. The a axes are separated by 
an angle 9 in both couplers and the coupler in (b) is symmetric with respect to the x axis.
S = (na2- ^ ) / 2 n ^ ( n a -nb) / n a (5-2)
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where na is the core refractive index for b-polarized light. For weakly birefringent fibres 
8/A « 1 .  In our convention na > nb .
Each fibre, in isolation from the other, supports two fundamental modes, each of 
which is, to first order in A, plane-polarized parallel to a or b and their modal propagation 
constants are ßa and ß b , respectively. The difference, ßa - ßb is proportional to 8 when 
8 is small [Snyder and Love, 1983].
In this chapter, we examine couplers made from fibres whose anisotropy is 
sufficient to overcome the coupler form birefringence (which depends on A) but 
insufficient to result in polarization selectivity over the length of a typical coupler. The 
cross-sections in Fig 5.1 show two couplers with angle 9 between the and a2 axes, 
and the coupler in (b) is symmetric about the geometric symmetry axes, x and y. Each 
structure supports four modes but, because we can neglect form birefringence when 
finding the modes and their propagation constants, both cross sections shown are 
equivalent. Hence, the tilt angle 9 is the only geometric parameter required in the analysis, 
and the most general case possible is given by the coupler in Fig 5.1(b).
5.2.1 Characteristic Beat Lengths
The electric fields and propagation constants of the four coupler modes are 
determined by a combination of evanescent field coupling and fibre birefringence. In the 
absence of birefringence, the isotropic coupler is characterised by a coupling length, 
Lc=tu/C, which is due to the beating between the even and odd coupler modes, and is the 
length for complete power transfer from one fibre to the other and back again. In isolation, 
the birefringent fibres are characterised by a beat length, LB = 2tc/( ßa - ßb ),due to the 
interference between the a and b polarised modes. Light plane-polarised at an angle to both 
optical axes becomes periodically elliptically polarised and returns to its original state of 
polarization on this length scale.
The ratio of the evanescent coupling length to the birefringent beat length of the
fibres is
and characterises the physics of the polished birefringent coupler. When there is no core 
anisotropy, Q = 0, and the modes are those of the well-known isotropic coupler, being the 
odd and even modes polarised parallel to the x and y axes. At the other limit, when 
coupling is weak compared to fibre birefringence, Q »  1, and from physical arguments 
alone, the modes must closely resemble those of the isolated birefringent fibres, i.e., 
polarised along the a and b axes in each core. When Q = 1, the modes are polarised neither 
parallel to the local optical axes in each core, nor parallel to the coupler's symmetry axes, 
but in between these two limits, since both birefringence and evanescent coupling are 
significant. (If Q = 1, the field polarization vectors lie exactly midway between the local 
optical axes and the coupler symmetry axes.)
To give some physical idea of the magnitude of this birefringence parameter, Q, 
to be expected in a typical polished-type coupler, we have, in Fig. 5.2, plotted QA/5 
against d/p from Equation (5-19) for a step circular profile coupler, in which the fibre 
axes are separated by a distance d. Clearly, Q depends critically on both core anisotropy 
and core separation, since it is a function of birefringence and evanescent coupling.
It is intuitive that a large value of Q is desirable in a polarization- holding coupler 
and, in principle, even weakly anisotropic fibres may make Q large when the cores are 
sufficiently separated. However, external physical perturbations may act over short length 
scales, and cause polarization cross- coupling in weakly birefringent fibres. Also, if the 
cores are too far apart, it is difficult to fabricate a polished-type coupler of a length 
necessary to achieve power coupling, particularly if we are to avoid loss, twisting or tilting 
of the cores relative to each other. By contrast, if the cores are too close, the coupling 
length is reduced, but so too is Q. Further, the more we polish the fibres (or fuse them, for 
that matter), the more we may degrade the stress anisotropy in the coupling region 
[Villarruel et Al., 1983, Nayar and Smith, 1983, Stolen et AL, 1985a,b, Snyder and 
Zheng, 1985].
(5-3)
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Fig. 5.2 : The coupler birefringence parameter, Q = (ßa - ßb )/2C, plotted against relative core 
separation d/p for several values of the fibre parameter, V = (2A)1/2 kp na. Note the 
multiplicative scaling factor (A/5) on the vertical axis.
There is a trade-off, therefore, between coupler length and the birefringence 
parameter, Q, and it may prove very difficult in practice to achieve large values of Q in 
usefully short polished-type couplers. Present indications suggest [Stolen et Al, 1985b] 
that values of Q close to 1 are about the largest achievable using the polishing technique 
with currently available fibres. (Somewhat larger figures, around 3 for example [Villarruel 
et AL, 1983], may be attributed loosely to certain etched and fused couplers due to their 
longer coupling lengths ; if they are too tapered, or if geometry (form) contributes 
significantly to the overall birefringence, our analysis does not properly apply and the 
parameter Q has less physical meaning in these cases.)
From our analysis of polarization characteristics of polished-type couplers given 
in Section 5.4, we find that couplers with Q »  1 are far less sensitive to errors in fibre 
alignment than those with Q close to 1. Improvement to attainable values of Q might be 
achieved in several ways, for example by fabricating twin-core birefringent fibres 
[McIntyre and Snyder, 1978] (although coupling light into such fibres would remain a 
problem), by the use of anisotropic materials which do not rely on stress (polymers, for 
example), or by the design of profiles in which the stress distribution is not severely 
affected by polishing, etching or fusing. The purpose of this work is not to address these 
issues in depth, but to analyse light propagation in the idealized polished birefringent 
coupler.
5.2.2 Normal Modes of the Coupler
Using scalar perturbation theory, we determine the four normal modes of the 
coupler using the fields and propagation constants of the four modes of the birefringent 
fibres, in a manner analogous to that used in Chapter 2 for isotropic fibre. The resulting 
electric fields are locally plane-polarised within each core. Fig. 5.3 is a schematic diagram 
of the electric field polarization vectors within each core for each mode, in three distinct 
cases: Q « 1  (nearly isotropic coupler), Q=1 (intermediate couplers) and Q » 1  (highly 
birefringent couplers). Note that, for the isotropic coupler, Q = 0 and the polarization 
vectors would be exactly parallel to x or y, giving the familiar even and odd modes.
Fig. 5.3 : Electric field polarizations in the fibre cores for the four normal modes of the 
birefringent evanescent coupler, for different representative regimes of the birefringence parameter 
Q = (ßa - ßb)/-C at a typical non-zero tilt angle, 9. Between the cores, polarization is a continuous 
function of position (x,y).
The most striking observation from this analysis is that, generally, the four modes 
are not polarised along mutually perpendicular or parallel axes, except in special cases, 
namely Q = 0 or <», or 9 = 0° or 90° . In particular, the modes are not polarised parallel to 
the geometric or optical axes. This is most pronounced when Q = 1 and the stress axes are 
inclined at an angle 9 = 45°. Thus, there is a transition from the modes of the isotropic 
coupler when Q = 0, to those of the highly birefringent coupler when Q = ©o . (This is 
analagous to the transition discussed in the previous chapter from the symmetrically 
polarized modes of the equilateral six-port coupler to the linearly polarized modes of the 
non-ideal coupler.) Interesting and important consequences result in regard to power 
transfer and field polarization in the couplers.
We observe that the modes are grouped into two non-parallel pairs of modes, 
each pair consisting of two fields which are perpendicular within each core. (This is a 
consequence of the conditions of mode orthogonality and symmetry). Thus, beating 
between the modes of each pair only affects the polarization of the propagating fields and 
not the power variations in each fibre. Generally, all four ß's of the birefringent coupler 
are different.
5.2.3 Cross-talk between Cores
When one input fibre is excited with plane-polarised light, we excite some or all 
of the coupler modes, and the resulting field at any position along the coupler is simply a 
superposition of these four modes at that point
In the isotropic coupler (Q = 0),we may consider x-polarized modes separately 
from y-polarized modes, so that propagation is described by two modes only. Thus, power 
swaps back and forth between the fibres on a single length scale Lc (determined by the 
beating of even and odd modes) and polarization is preserved in the absence of other 
physical perturbations.
In the anisotropic coupler, all four modes are excited, in general. Because these 
four modes have different propagation constants, the power transfer now occurs on two 
length scales which depend on the parameter Q of Eq. (5-3), as well as on the tilt angle 9 
of Fig. 5.1. In Fig. 5.7 we give three examples. These results are independent of the
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polarization of the light incident on Fibre 1, since form birefringence is negligible in weakly 
guiding fibres, and the model assumes weakly birefringent fibres so that the evanescent 
coupling length 7t/C, is independent of polarization.
5.2.4 Polarization Effects
Because the modal field vectors are skew to each other, the polarization of the 
electric field will be affected as it propagates in the anisotropic coupler. The effects are most 
pronounced when Q = 1 and the stress axes are tilted at an angle of 45° to each other.
The state of polarization in each fibre changes periodically, in general varying 
between linear,elliptical and circular as well as changing its orientation on several different 
length scales simultaneously. Unlike the power, the state of polarization depends strongly 
on the input polarization state. However, we rind that when the coupler birefringence 
parameter is large, ( Q »  1 ), and the tilt angle 9 is small (9 = 0), then light plane- 
polarised parallel to the stress axes, a or b at z = 0 retains approximately the same state of 
polarization for all z > 0. In section 5.5, we explore this in more detail, giving bounds on 
the power found in "unwanted" polarization states.
5.3 MODAL ANALYSIS BY THE PERTURBATION METHOD 
5.3.0 Scalar Wave Equation for Anisotropic Structures
We model the polished-type coupler by two identical parallel cores in an infinite 
isotropic cladding, as shown in Fig. 5.1. The fibres are weakly guiding ( A «  1 ) (so that 
all birefringent effects due to non-circular geometry are negligible) and single-moded in 
isolation from each other. The transverse electric fields of the four modes supported by the 
composite structure may be expressed at any position (x,y,z) by
E.(x ,y ,z) = e .(x ,y) exp(iß .z) (j = 1,... ,4) (54)
where ßj is the propagation constant for the jth normal mode and ej (x,y) is a solution of 
the scalar wave equation (see 2-30):
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Vfe.(x,y) + kV(x,y) . e.(x,y) - ßTe.(x,y) = 0 (j = 1,.. .,4) (5-5)
where V t2 is the scalar transverse Laplacian when ej is expressed in Cartesian 
components, k=2;tA is the free-space wavenumber for a wavelength, X  , in vacuum and 
n2(x,y) is the squared refractive index tensor at each point (x,y) in the cross-section of the 
composite two-fibre structure. The modes satisfy the orthogonality relationship :
where j * k (j,k=l,...,4).
If the cores are weakly-coupled, we may again apply scalar perturbation theory to 
find the modes of the composite structure. The modal fields ej(x,y) are approximated by a 
linear superposition of the modes of each fibre in isolation of the other, and the scalar wave 
equations for the isolated fibres and for the composite structure are combined to generate a 
set of equations which yield ßj (j=l,...,4) and ej(x,y). The form of the superposition can 
be determined from simple physical arguments based on the structure in question or from 
orthogonality principles.
5.3.1 The Anisotropic Fibre
In the couplers we are considering, anisotropy is introduced to the composite 
waveguide due to the birefringence of the constituent fibres. Figure 2.6 shows such a fibre. 
The two orthogonally-polarized fundamental modes supported by each weakly-guiding 
fibre satisfy scalar wave equations of the type given in (2-30) with appropriate index 
profiles n2(x,y) inserted, depending on the polarization. We may express the modes of the 
mth fibre in isolation from the other as follows:
(5-6)
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(5-7 a)
(5-7b)
where (x,y) and \j/bm (x,y) are the solutions of the scalar wave equations
( v r + k2 n L fr.y ^ ß a}  ¥am = 0 (5-8a)
(v f + k2 - ßb l v bm= o (5-8b)
H ere the subscripts m  (=1,2) denote the first or second fibre in isolation from  the other, 
and ii ^  is the refractive index profile for the mth fibre for a -polarized light, and nbm is 
the corresponding  profile  for b -polarized light. The difference betw een the two
w here i]a(V) is the fraction of power propagating in the core,and V = (2A)1/2 kp na is the 
norm alized frequency param eter for the a - polarized mode. In this chapter, V and r\ are 
approxim ately equal for the two polarizations in the w eakly birefringent fibres being 
considered.
5.3.2 Form Birefringence
Consider now a coupler consisting of two such fibres as shown in cross section 
in Fig. 5.1. Besides the birefringence introduced by the fibres themselves, the com posite 
w aveguide exhibits geom etric, or form  birefringence even when the fibres are isotropic 
[Snyder and Young, 1978, Snyder and Love, 1983, Ankiewicz, Snyder and Zheng, 1986] 
. For an isotropic, step-profile coupler, the polarization corrections are :
propagation constants, ß a and ßb is proportional to 5 [Snyder and Love, 1983], as 
follows:
(ß a -ß b) = 5 k n aria(V) (5-9)
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1/2 V?/2 gV(d/p-2)j (5-10)
where U« = 2.405, d is the distance between the fibre axes in the coupling*region and p is 
the radius of both fibres. (This expression may be derived from (2-24) in principle.) This 
birefringence contribution decreases as V or d/p increase, and is extremely small in 
polished isotropic couplers. (By contrast, form birefringence alone is strong enough to give 
polarization splitting over many coupling cycles in tapered couplers.[Snyder, 1985].) By 
comparing (5-10) with (5-9), we see that birefringence due to the fibre anisotropy is the 
dominant effect, provided:
For example, if A = 0.003, d/p = 4 and V = 2, then from table 14-4 of [Snyder and Love, 
1983], T[ = 0.741 and from (5-11), we find that form birefringence is swamped by the 
fibre birefringence when 5/A »  7.6 x 10'6 . Thus, for weakly- guiding, weakly-coupled 
cores, the slightest material anisotropy swamps the form birefringence of the coupler. This 
may also be the case for certain fused couplers if they are only slightly tapered, or have a 
circular outer cladding.
The limit of comparatively large stress anisotropy has also been examined 
previously, [Snyder and Stevenson, 1985] where it is shown that polarization beam 
splitting is possible in very short evanescent couplers. Now we consider the regime in 
between these two previous studies, i.e., when the anisotropy is sufficiently strong to 
overwhelm form birefringence (5/A »  10'5 ), but is very much less than that required to 
achieve polarization beamsplitting. When the fibres are strongly coupled, these two regimes 
may overlap [Snyder, 1985]. We therefore consider couplers which are weakly-guiding, 
weakly- anisotropic and weakly-coupled.
The structure supports four modes whose propagation constants do not depend 
on the azimuthal location of one fibre relative to the other. This means we can treat both of
.2 . -V(d/p-2)
(5-11)
the couplers shown in Fig. 5.1 as equivalent when deriving the modal fields and the 
propagation constants as was done for the isotropic coupler in Chapter 2. The symmetric 
coupler of Fig. 5.1(b) will be examined, therefore, because its symmetry allows us to write 
down the modal fields from physical arguments alone, instead of having to deduce them 
from Eqn (5-6).
5.3.3 Modes of the Anisotropic Coupler
For the coupler of Fig. 5.1(b), the modal electric field ej (x,y) given in (5-4) and 
(5-5) must possess mirror-symmetry about the x or y axes, and if we approximate ej (x,y) 
by a superposition of the unperturbed fibre modes in (5-7), this superposition must reduce 
to the expressions for the even and odd coupler modes given in (2-42) in the isotropic lim it 
By analogy with (2-42), therefore, we may write
where cCj(j=l,...,4) are constants to be determined from the scalar wave equations (5-5) 
and (5-8). The approximation, (5-12b), is valid provided xjT^ = \j?bm .
In the isotropic limit, we know that \|/al = \j7bl = , say and = \j/b2 = \j/2.
Furthermore, the modes are polarized parallel to the structural symmetry axes, x and y, so 
the modes of the isotropic coupler are given by (5-12b) with ocj = tan-1 (0/2) or cot4 (0/2). 
Here the ± sign corresponds to the even or odd mode depending on (Xj (see tables) and 0 
is the tilt angle between the and a2 axes.
By contrast, when the fibre birefringence is very strong and coupling between the 
fibres is very weak, we expect that the modal fields will be polarized, within each core, as 
if the fibres were effectively in isolation from each other, i.e., parallel to the local optical 
axes. In this case, the modes of the structure are given by (5-12a) with 0Cj = 0 or ±°o , and 
the corresponding values of ßj are yet to be determined.
(5-12a)
(5-12b)
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Between these two limits, we expect the values of (Xj and ßj which we obtain 
below, to vary continuously and smoothly between the limiting values just given.
5.3.4 Modal Propagation Constants
If we perform scalar multiplication of equations (5-5) and (5-8) by eal (or e^) 
throughout, subtract (5-8) from (5-5), integrate the result over the entire cross-section, , 
and apply Green’s Theorem, we obtain, by analogy with Eqn (18-4) of [Snyder and Love, 
1983]:
For each mode j=l,...,4, there are another two similar expressions, obtained by 
performing the same operations using and"eb2 , but since the fibres are identical,these 
are redundant as they yield the same information as (5-13a,b). The dots on the R.H.S. of
everywhere except over the region of core 2, where it may be written in diagonal form 
when (a2 ,b2 ) co-ordinates are used:
ßj2 - ßb = k2 J ebl . (n2 - n j) . e. dA / J eM . e. dA ( j = l .. ,4) (5-13b)
(5-13a,b) denote scalar products and (n2 - n x2 ) is a 2 x 2 tensor which is zero
( n a - nc2.)  % %  +  (" b  '  nc<) 1
0
elsewhere (5-14a)
m core. 2
0
el sewhere (5-14b)
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where the approximation, (5-14b), may be made in the weak-guidan.ce, weak-birefringence 
regime.
We now insen the appropriate expressions for eal and ebl from (5-7a,b), 
from (5-12) and (n2 - n12) from (5-14) into (5-13a) and (5- 13b) to obtain two equations in 
the two unknowns, Oj and ßj for the jth coupler mode. From (5-14), the integrand in the 
numerator is non-zero only in the core region of Fibre 2, where terms involving the product 
Vfi2 are negligible. The term dominates the integrand in the denominator of (5-13). 
We also have the scalar product identities (where 9 is the tilt angle in Fig. 5.1) to use in 
(5-13a,b):
äj . ^  = cos0 =
6 1 . X  = sinG = - üj . f)2
(5-15)
Thus, we obtain the two relationships for the jth mode :
ßj - ßa = ± C[cos0 + a. sin0] (j=l,...,4) (5-16a)
ß . - ß b = ±c[i-sme-cos0] (j=l,...,4) (5-16b)
where C is the coupling integral given in (2-44) with the constant, (n - n t ), replaced by 
(na- nc5). Thus we account for the coupler birefringence in the difference between ßa and 
ßb which appear on the L.H.S. of (5-16a,b). (We do not need to include polarization 
corrections to the coupling constant, C, because we are investigating couplers with 
insufficient birefringence to cause significant polarization-selectivity within a small number 
of coupling cycles.)
Eliminating ßj from (5-16a) and (5-16b) leads to a quadratic in cxj which yields 
the following values for ctj (Q,0):
(5-17)
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1/2
a.(Q,0) = [-COS0 - (±Q) ± ( l  + 2(±Q) cos0 + Q ) ] / sin0
where Q is the ratio of the evanescent coupling length to birefringent beat length given by 
(5-3) and its sign in both places is the same as the ± sign in the expression for Ej(x,y,z) in 
(5-12a). Substituting these values of into (5-16) yields corresponding values for the four 
propagation constants:
Thus, the properties of the four modes of the birefringent coupler are determined 
completely from the corresponding properties of the unperturbed modes as long as we 
know Q and 0 .
5.3.5 Cores of Circular Cross Section
For two step circular profile fibres of the type shown in Fig. 2.6, separated by a 
distance, d, in an infinite isotropic cladding, the coupling constant, C, is given by (2-48), 
and the difference between the propagation constants ßa and ßb is given by (5-9), for 
weakly guiding, weakly anisotropic fibres and so, from (5-3),
ßa + ßb r 2l ^
ß/Q,0) = — C[l  + 2(±Q)cos0 + Q ] (5-18)
o
(5-19)
where T](V) is the fraction of power propagating in the core of the isolated fibre 
fundamental mode and the profile anisotropy ratio is
5 n»2 - ^ . n» - nb (5-20)
Fig. 5.2 plots Q A/5 against d/p for several representative values of V ranging from 1.6 
to 2.4, to give some idea of the values of Q to be expected in typical couplers. The coupler
birefringence parameter depends critically on both fibre separation and anisotropy, 
becoming large, even for weak anisotropy, when Wd/p is large.
5.3.6 Physical Interpretation of Results
We can interpret the expressions of (5-12), (5-17) and (5-18) geometrically and 
physically. Since \j/x (x,y) completely dominates ij72(x,y) in core l,and vice- versa in 
core 2, the electric fields of (5-12) will be approximately plane-polarized within each core.
A  a  ___
In core 1, the field is proportional to (a] + (Xj bT) \\f\ and is therefore plane-polarized at an 
angle <j)j to the at axis, where -it/2 < <n/2 and follows from (5-17), since
(jit = arctan a. (j=l,... ,4) (5-21)
A A . . .
The electric field vector in the second core is proportional to (a2 - ocJb2) \|/2 and 
is polarized at a corresponding angle to the a2 axis. This vector is simply a reflection 
through the x or y symmetry axes of the electric field vector in core 1. Between the two 
cores, the direction and amplitude of the electric field vector, which depends on the position 
(x,y), can be deduced from (5-12) when the unperturbed field amplitude functions, \jj?x 
and \|/2 , are known. However, knowledge of the electric field between the cores is not 
crucial to a physical understanding of birefringent couplers, as most power propagates in 
the core regions.
Fig. 5.3 shows schematically the electric field vector directions in each core for an 
arbitrary non-zero tilt angle 9, for all four modes. Three distinct situations are covered : Q 
«  1 (nearly isotropic coupler), Q = 1 (intermediate case), and Q »  1 (highly birefringent 
coupler). The angle between the vector and the a axis in each core comes from (5-21) and 
(5-17). In the limiting cases, Q = 0 and Q = *=, the modal fields would be polarized exactly 
parallel to the (x,y) axes or the (am,bm) axes (m = 1, 2),respectively, and when Q = 1, the 
field directions lie exactly midway between these limits. (This last fact can be shown by 
putting Q = 1 into (5-17) to find = Arctan (9/4) , with similar expressions for 
(j)j(j=2,3,4).) Except in the limiting cases, the modal electric fields are not all polarized 
parallel or at right angles to each other, generally, leading to interesting consequences as we 
show below.
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Fig. 5.4 : Propagation constants, ßj , for each normal mode (j = 1,...,4) of the birefringent 
coupler, plotted against Q = ( ßa - ßb )/2C, for couplers having tilt angles 0 between the optical 
axes of (a) 0°, (b) 45° , (c) 90° . For simplicity, the graph is plotted around <ß> = (ßa + ßb )/2 on 
the horizontal axis.
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The corresponding modal propagation constants are plotted against Q in Fig. 5.4, 
for three situations: 9 = 0°, (parallel core optical axes), 9 = 45° and 9 = 90° (perpendicular 
core optical axes). For plotting convenience, we let <ß> = (ßa + ßb )/2 remain constant as 
Q varies. The numbering (j=l,...,4) for each mode is based on the propagation constants, 
so that ßi > ß2  > ß3 > ß4 -
Clearly, in the limit Q = 0, the propagation constants reduce to the well-known 
isotropic coupler values, given in (2-44). For large Q, ßj tend asymptotically towards 
ßa ± C cos9 or ßb ± C cos9 ,which is consistent with modes polarized parallel to the 
optical axes in each core. The modes of the highly birefringent coupler are analogous to the 
isotropic coupler modes, therefore, being odd and even modes polarized parallel to am or 
bm , but the coupling constant C in (2-44) is effectively replaced by C cos9 in this limit.
In Table 5.1, we have listed, for each mode, the general expressions for the 
electric field ej(x,y) from (5-12), aj(Q,9) from (5-17) and <|>j (Q,9) from (5-18). In 
Tables 5.II and 5.IV, we give the asymptotic expressions for ßj( 9 ) otj( 9 ) and <{>j( 9 ), 
respectively, (j=l,...,4), for the limits Q = 0, Q = 1, and Q °° . The left hand columns of 
Tables 5.II - 5.IV apply to those couplers which are intended to be isotropic, but have had 
some anisotropy introduced to their cores during fabrication. The right hand columns apply 
to couplers designed to hold polarization in coherent systems, but are not anisotropic 
enough to cause any polarization selectivity or splitting at the output ports. The middle 
columns give representative results for the intermediate couplers, in which the most 
pronounced depolarization effects can occur if the optical axes are not parallel.
A closer examination of cxj (Q,9 ) shows that, for all values of Q and 9 , 
a ia 4 = a 2a 3 = (5-22)
implying that the field vectors of modes 1 and 4 are perpendicular to each other in the
cores, and likewise for the field vectors of modes 2 and 3. Thus, we need only two
independent angles to specify the core field directions of all four modes. Fig. 5.5 shows
the relationship between the angles and and the electric field polarization vectors of
the four modes in each core, in the special case: Q = 1 and 9 = 45°. In Fig. 5.6, we plot
(j>x and ({>3 against Q for three different values of 9. WhenQ = 0°, <t>i = <|>3 = 9/2, and
as Q increases, -» 0° while <J>3 -» 90°. At Q = 1 exactly, the angles and <|>3 are 9/4
and 45° + 9 /4, respectively, midway between their limiting values at Q = 0 and Q = <».
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Fig. 5.5 : Relative orientations of the polarization vectors for each mode in each core with respect 
to the optical axes ^  , a2 , , b2 . The orientations of all eight vectors may be specified by two
angles fa (Q,0) and fa (Q, 0).
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Fig. 5.6 : Modal polarization angles as functions of Q = ( ßa - ßb )/2C. Plotted are <)>, (dashed) 
and <(>3 (solid) against Q for the cases (a) 9 = 90”, (b) 0 = 45”, (c) 0 = 2”. Note that, at Q = 0, 
<j>i = d>3 = 0/2, and, as Q 4 - ,  6, * 0” while <t>3 * jt /2.
(C
)
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5.4 PROPAGATING FIELDS AND POWER TRANSFER 
5.4.0 Field Launched into the Coupler
W hen light is launched into one of the fibres leading into a polished-type 
evanescent coupler, the field entering the coupling region itself will excite a combination of 
the coupler modes, including higher order and radiation modes. W hen the fibres 
comprising the coupler are single-moded in isolation from each other, the higher order 
fields all propagate in the cladding (which is modeled as being infinite, here) and after any 
appreciable distance along the coupler, the only power propagating in the core is due to the 
presence of the four lowest order coupler modes. We may therefore ignore higher-order 
modes here and write our plane-polarized input field as:
eQ(x,y) = [äj cos% + sin%] Yjfoy) (5-23)
where % is the angle between the input polarization vector and the zli axis.
Each normal modal field of the coupler can be expressed in terms of the angles 
<j>j(Q,0) (j = 1.....4), calculated from (5-17) and (5-21):
ej(x,y) = [äj cos<J)1 + sin^J ^ (x ,y ) + cos^ - &2 sin^] y 2(x,y)
with similar expressions for e2 ,e3 , and e4 .
(5-24)
5.4.1 Excitation of the Four Normal Modes
Generally, the input field excites all four normal modes of the coupler, and the 
resultant field at a distance z along the coupler is:
V "1 iß;2 V'
E(x,y,z) = 2 ,  A. ej(x,y) e = ^  AE.(x,y,z) (5-25)
j=i j-i
where Aj (j=l,...,4) are amplitude co-efficients which depend on the input angle, % , and
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the normal mode angles <j)j (j=l,...,4). To determine the co-efficients, Aj ,we use the 
orthogonality relationship in (5-6) and we scale the functions \j?i(x,y) and \j72(x,y) s0 
that:
J y 1(x,y)dA = J \|/^(x,y) dA = 1 (5-26)
\ o  Ao
Thus, from (5-25), (5-26) and (5-6):
J e . e ;
WE-E;dA
The major contribution to the integrand in the numerator is from core 1. Hence, if 
we evaluate the numerator of (5-27) at z = 0, we find:
J E . E. dA = J \j (^x,y)cos((j>j - X) dA = cos((j). - x) ( j = l ..,4) (5-28)
A -  A -
Because (j^  - tz/2 = <j)4 and <j>3 - tt/2 = (j>2 , (from (5-22)) we obtain:
A, = f  cos^j -%)
\  \  - X)
Aj = ±-cos(<t>3-x)
A4 = t- sin^, - x)
(5-29)
5.4.2 Resulting Fields in Each Fibre
Now, if we set:
<ß> = (ß a + ßb) / 2
M = (l+ 2Q cos9  + Q2) 1/2 (5-30)
/  2\ 1/2 
N = ( l - 2 Q c o s 0 + Q )
in equation (5-18) and substitute (5-29) into (5-25) and rearrange, we obtain the total field 
in the coupler in terms of ej (x,y) (j=l,...,4):
E(x,y,z) = e-X-P- ~-~ —■ { cosO^-%) ej(x,y) exp(iMCz)
+ sin^j-x) e4(x,y)exp(-iMCz)
+ sin(<t>3-x) e2(x,y) exp(iNCz)
+ cos(<J)3-x) e3(x,y) exp(-iNCz)} (5-31)
On rearranging further, the field in the first core may be written:
en(x,y)[cos(MCz) + cos(NCz)]
Ej(x,y,z) = {
+ ifRjfx.y) sin(MCz) - R3(x,y) sin(NCz)] }
(5-32)
where eo (x,y) is the input field defined in (5-23) and and R3 are defined:
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Rjfoy) = [*i cos(2(j>1 - x )  + &i sin(201 - %)] Vjfoy)
R3(x,y) = [äj cos(263 -%) - ^  sin(24>3 - %)] ^ (x .y ) (5-33)
(The notation and R3 arise because 1^ is actually a vector produced by reflecting e0 
through the axis defined by the polarization vector of ex in core 1 and R3 is a reflection of 
e0 through the corresponding e3 axis; these axes are shown in core 1 in Fig. 5.5.) 
Similarly, the field in the second core is:
Ejj&y.z)
exp[i<ß>z]
2
eQ(x,y) [cos(MCz) - cos(NCz)]
+ i[S 1(x,y)sin(MCz) + S3(x,y) sin(NCz)] }
where (5-34)
e0(x,y) = [a2cosx -6 2 sinx] \j/2(x,y)
S j(x,y) = [a2 cos(2(|)1 - %) - &2 s i n ^  - %)] V2(*,y) (5-35)
S3(x,y) = [a2 cos(2(J)3 - X) - b2 sin(2c|>3 - x)] V2(*,y)
and we note that e0'(x,y) is the reflection of e0(x,y) through the coupler's x-axis, (shown 
in Fig. 5.1) and S]_ and S3 are corresponding reflections of R x and R3 . ( S x and S3 can
be constructed by reflecting e0'(x,y) through axes defined by e i  and e3 in the second
core, as we did to obtain R x and R 3 in the first core.) The field at any position in the 
coupler is just the sum of E ^ x ^ z )  and E n(x,y,z), and in the cores, since one dominates 
the other, the field is well approximated by the dominant term.
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5.4.3 Physical Interpretation of Field Results
Each of E ^ x ^ z) and En(x,y,z) possesses one component varying periodically 
along the coupler and polarized parallel to the incident electric field vector, e0 , in fibre 1, 
or its reflection e0' in fibre 2, and a second periodically varying component, tc/2 out of 
phase, whose amplitude and direction are functions of z. Thus, the electric fields in each 
fibre are elliptically polarized, in general, and the state of polarization varies along the 
coupler.
When Q = 1, since <|>3 = + 45°, R3 is perpendicular to S! in core 1 and Sx is
likewise perpendicular to S3 in core 2. The imaginary parts of Et and En may therefore 
take on any polarization direction as z increases, and the real parts will only be polarized 
parallel to the imaginary parts at certain discreet positions along the coupler. The distance 
over which the non-parallel imaginary component becomes significant depends on the 
optical axes' tilt angle, and is shortest when 9 = 45* . Thus couplers with Q = 1 and 9 = 
45“ are not able to preserve the input state of polarization over any significant fraction of a 
coupling length, 7t/C, for any input polarization direction.
However, even at Q = 1, if 9 is close to 0* then, from (5-30), N = 9 (9 in 
radians) , and provided the input polarization is parallel to an optical axis, then the 
imaginary part will be almost parallel to the real part when z «  7i/2C9 thus preserving 
plane polarized light over a considerable distance (many coupling cycles if 9 «  45°). 
Similarly, it can be shown, from (5-30) and the expressions for Ej; (x,y,z) and En(x,y,z), 
that couplers with 9 = 90* will preserve the input polarization state over several coupling 
lengths even if Q = 1 , provided the input light is polarized parallel to an optical axis.
We can also show from the foregoing analysis that if Q »  1, and the input field 
is polarized parallel to a! or , there will be a small component of the imaginary part of 
Ej or E n , perpendicular to e0 or e0’ , and whose magnitude varies with z, but is 
everywhere bounded by (!e0 Isin9)/Q, when Q is large. (This may be verified by inserting 
the large Q expressions for from Table 5.4 into the field expressions (5-32) to (5-34).)
A similar analysis shows that if the input field polarization makes a small angle, e, 
to the a x or bj axis, then the magnitude of the field in the "unwanted" polarization 
direction is bounded by (le0 Isin e)/Q when I 8 I < (sin 9)/Q and by le0 I sin e otherwise.
Thus, if a system requirement states that no more than ICH of the input power is to be 
present in an unwanted polarization state, this can be guaranteed at both outputs, provided 
(sin29 )/ Q2 < ICH and sin2e < ICH .
This does not mean that the output polarizations are approximately plane-polarized
even plane-polarized at right angles to the desired axis, but the power level in the unwanted 
polarization in each fibre is less than 1(H of the input power. Significantly, if Q is large 
enough, alignment of the fibre axes is not so critical in reducing polarization cross- talk. 
This has been observed experimentally [Villarruel et AL, 1983].
5.4.4 Resultant Power in Each Fibre
The power in each fibre is proportional to the square of the field amplitude 
integrated over the region of that fibre:
where * denotes complex conjugate, Ej (x,y,z) is given by (5-32) and the approximation is 
valid since Et is dominant in and localized about core 1. A similar expression holds for 
P2. Now, substituting (5-32) into (5-36) and integrating, and assuming unit input power 
into Fibre 1 at z = 0 gives:
in the desired direction; in fact either of hhe output fields could be elliptically, circularly or
(5-36)
P,(z) = 1 - sin: (i!>3 - (ii^in2 [(M - N)Cz/2]
-cos,2,(<t>3 - <t>j) sin2[(M + NX^z/2] (5-37a)
Similarly, or by conservation of power, the power in Fibre 2 is:
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P?(z) = sin2((})3 - 4)t) sin2fvl - N )Cz/2]
+ cos,2(<j>3 - (Jjj) sin2[(M + N)Cz/2] (5-3 7b)
The angles and <j>3 are calculated from Q and 9 using (5-17) and (5-21).
The power in each fibre is independent of %, the angle between the input 
polarization vector and the a T axis, in this anisotropy regime. In many practical 
birefringent couplers, there would be a slight variation in and P2 as the input 
polarization is rotated, but here we are dealing with the lower anisotropy regime, in which 
such polarization sensitivity is negligible (but form birefringence is overwhelmed).
Power transfer occurs on two length scales, 2ti/[(M-N)C] and 27t/[(M+N)C], 
corresponding to four out of the six possible beat lengths arising from the interference 
between pairs of the four non-degenerate modes of the coupler. We do not observe the 
other two length scales, 2tc/(2MC) and 2tt/(2NC), which arise due to beating of mode 1 
with mode 4 and mode 2 with mode 3, respectively, because beating between perpendicular 
polarizations leads only to polarization effects, and not power variations.
5.4.5 Some Important Limits
Inserting Q »  1 into the power equations via the relevant quantities, we find that 
in the limiting case (Q =<»), (5-37a) and (5-37b) become:
which is analogous to the result for an isotropic coupler, except that the beat length has 
increased from n/C to 7t/(C cos0 ). Fig. 5.7(c) shows P2(z) when Q »  1 and 9 = 45° , 
for comparison with the variations at Q = 1 and Q «  1 in parts (b) and (a). Obviously, 
when 0 = 0 ° , there is no change in the coupling length, and from the power results 
(5-37a,b), it can be shown that couplers with parallel optical axes behave as if isotropic for 
all values of Q in this anisotropy regime. On the other hand, when 0 = 90°, the power 
does not couple at all for Q = as the beat length is infinite in this limiting case.
Pj(z) = cos2(Czcos0) P2(z) = sin2(Czcos0) (5-38)
Power in Fibre 2 (a) Q = 0
(b) Q = 1
(c) Q»1
Fig. 3.7 : Power in fibre 2 of a polished-type birefringent coupler as a function of normalized
distance, Cz, along the coupler when the tilt angle 6 = 45" when (a) Q = 0, (b) Q = 1, and (c)
Q »  1, assuming unit power is launched into fibre 1 at z = 0.
When 1 «  Q < <», we can derive asymptotic expressions for the power in each 
fibre, by using the expressions for (j^  and 63 in the right hand column of Table 5.4 , and 
large Q forms for M and N defined in (5-30), and we obtain:
Pj(z) = 1 - [l -h(Q,0)] sin2[Czcosö] - h(Q,0) sin2 [(ßa - ßb) z/2]
(5-39a)
P2(z) = [l - h(Q,0)] sin2[Czcosö] + h(Q,8) sin2[(ßa - ßb) z/2] (5-39b) 
where h(Q,0) = sin20 / Q2 .
This is approximately the same variation in power in each fibre as for the case 
Q=o°, but we observe a small additional "ripple" occurring on the much shorter length scale 
Lb = 27r/(ßa - ßb ), with magnitude (sin20)/ Q2 . (This is, by the way, the same as the 
upper limit of power which couples into the unexcited polarization state in highly 
birefringent couplers when the input light is polarized parallel to, or within (sin0)/Q of, an 
optical axis. Both the ripple and the depolarization are inevitable when Q < °° and 
O°<0<9O\)
Similarly, for 0 < Q «  1, we obtain the following asymptotic results:
P,(z) = 1 - [l - g(Q,6)] sin2[Cz] - g(Q,8) sm2[(ßa - ßb) z/2] (540a)
P2(z) = [l - g(Q,8)] sin2[Cz] + g(Q,8) sin2[(ßa - ßb) z/2] (540b)
where g(Q,0) = Q2 sin20 . These are similar to the isotropic coupler results in (24  ^with
/  _ _  __ _
an additional undulation on the much longer scale LB = 27t/ (ßa - ßb). Once again, both 
this small undulation and the depolarization which occurs with the same upper bound, are 
unavoidable when Q > 0 and 0° < 0 < 90° . Thus, couplers intended to be isotropic may 
possess enough core anisotropy (introduced during fabrication) to exhibit non-ideal 
behavior, if the core birefringence axes are not parallel.
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In the special case Q = 1 and 9 = 45° , (A-15a,b) give:
Pj = 1 - ysin2[aCz] - ^-sin2[tCz] (541a)
P2 = y sin 2[aCz] + y  sin2[xCz] (541b)
where a  = V2 cos(67.5°) = 0.541 and x = V2 sin(67.5°) = 1.307. This power variation 
is plotted in Fig. 5.7(b) and demonstrates clearly the effects that tilted optical axes can have 
on power transfer in birefringent couplers when the evanescent coupling length and the 
birefringent beat length of the two fibres are comparable.
We have modelled the general birefringent fibre coupler as a pair of identical 
anisotropic cores embedded in an infinite isotropic cladding, and have treated the general 
case of a coupler with non-aligned optical axes in cross-section.
The system supports four lowest-order normal modes, and in the case of zero 
birefringence, these are found to reduce to the orthogonally-polarized odd and even normal 
modes of the isotropic coupler.
The coupler is characterized by the tilt angle 0 between the optical axes, and by 
the ratio, Q, of the two important physical length scales of the system, namely the 
evanescent coupling beat length, and the birefringent beat length in each isolated fibre. 
Form birefringence may be neglected in the analysis, as material birefringence is 
completely dominant in weakly guiding structures, so the absolute geometric orientation of 
the fibres is unimportant. Each birefringent fibre acts as a perturbation on the other, on a 
length scale equal to the evanescent beat length, and resonant coupling between the 
polarization states occurs when the evanescent and birefringent beat lengths are equal 
(Q=l). The most severe polarization cross-talk occurs when the tilt angle is 45°.
The four normal modes of the birefringent coupler are not polarized parallel to the 
optical axes, except when they are aligned or there is complete mismatch between the two
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length scales of the system (Q = <»). This corresponds to the highly birefringent coupler 
limit. The four modes reduce to the expected LP isotropic coupler modes when Q = 0. 
When the optical axes are aligned the coupler may be treated as a pair of independent 
isotropic couplers, each with slightly different core index. Material birefringence is 
assumed to be weak enough to allow us to use only one evanescent coupling constant, 
identical for both polarizations in the case of a coupler with aligned axes.
Launching light into one fibre results in power transfer on two length scales 
generally, unless the optical axes are aligned or misaligned by 90°, or the coupler is highly 
birefringent or isotropic. In the highly birefringent coupler with non-aligned axes, complete 
power transfer occurs between the fibres on a single length scale, longer by a factor of 
l/cos0 than the isotropic coupler evanescent beat length, with no power transfer at all for a 
90° axial misalignment, and effectively isotropic coupling when there is no misalignment.
The output polarization state from each fibre is generally different, and elliptical. 
For large Q and small 9 , polarization cross-talk varies roughly as 92/ Q2 . Polarization 
preservation in the coupler is therefore optimized by aligning the optical axes as well as 
possible, and ensuring the residual birefringence in the coupler is as strong as possible after 
the fabrication process.
CHAPTER 6
POLARIZATION SELECTIVE COUPLERS
6.0 INTRODUCTION
In addition to maintaining polarization in e.g. coherent systems, optical devices 
can be made to couple light from one optical fibre to another as a function of its polarization 
state. By exploiting birefringence, optical fibre directional couplers can function as 
polarization-selective beamsplitters, with a cross-port power of unity for one polarization 
state and zero for the other. This is the extreme case of polarization-sensitivity, and has a 
great potential for applications if it can be realized.
It is almost inevitable for a coupler made from birefingent fibres to be 
polarization-sensitive, since cross-talk depends on the modal propagation constants, which 
depend in turn on the polarization state. In the previous chapter, it was useful to assume no 
sensitivity in the coupling constants when analysing birefringent couplers. This is a good 
approximation for couplers with small relative core-to-cladding index differences and weak 
birefringence.
Rather than complicate our previous analysis of birefringent couplers with non- 
aligned optical axes, to account for the polarization sensitivity of the coupling constants, we 
treat the simplest cases of all in this chapter - couplers with parallel optical axes, and with 
geometric birefringence axes aligned with material birefringence axes. Thus we can treat 
each polarization state independently of the other within the weak guidance approximation.
A polarizing beamsplitter is shown schematically in Fig. 6.1. The coupler is 
represented as a "black box" in which the separation of the two polarization states is 
effected. Light with components of both polarizations enters via one input port, and 
emerges with orthogonally polarized components segregated at the two output ports. 
Depending on the nature of the birefringence, the emerging states can be linearly, circularly 
or even elliptically polarized - see Fig. 6.1(c). In this chapter we deal with linear 
polarization splitters. In some cases, the splitter can also act to combine two different 
polarizations - see Fig. 6.1(b) - e.g. in a coherent polarization-based demultiplexer.
0POLARIZATION
SPLITTER
(CIRCULAR)
POLARIZATION
SPLITTER
(LINEAR)
POLARIZATION
SPLITTER
POLARIZATION
SPLITTER
(ELLIPTICAL)
POLARIZATION
SPLITTER
POLARIZATION
SPLITTER
FIG. 6.1
Optical fibre polarization splitting coupler, considered as a black box in which the 
polarization separation or combination is effected.
(a) Input light of polarization x emerges from the through port only, while the orthogonal 
polarization emerges from the cross-port only.
(b) By optical reciprocity, orthogonal polarizations at each input port emerge from the one 
output port.
(c) Given correct splitter design, any orthogonal pair of polarizations may be split, e.g. 
plane, circular or elliptical.
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Because of these properties, polarization splitters fall into the generalized class of 
polarization-selective optical devices. These devices may achieve polarization selectivity in 
a variety of ways :
(i) Physical separation of the components of one input field into two 
orthogonally polarized output fields.
(ii) Selective scattering, absorption, or radiation of one of the two polarization 
states, so that only one is left propagating at the output end.
(iii) Conversion from one of the polarization states to the other, while leaving the 
latter unaffected.
This chapter concentrates on optical fibre couplers fitting into the first category. 
There are many examples of such devices in bulk optic design, usually involving 
birefringent crystals, e.g. calcite. Bulk-optic beam-splitters - Fig. 6.2(a) - include the 
Rochon, Senarmont and the well-known Wollaston prisms, as well as the more unusually 
shaped Foster and beam- splitting Glan-Thompson prisms. Brewster Angle Polarizers 
(pile-of-plates polarizers) and Littrow Spectrographs use the polarization-selective 
reflection or transmission coefficient of several stacked or concatenated crystal-dielectric 
boundaries oriented at Brewster's angle to the beam to separate the two states. It is also 
possible to construct a polarizing beamsplitter cube - Fig. 6.2(b) - using multilayer 
interfaces to separate the s and p rays incident on a 45 degree interface in the middle of the 
cube [Driscoll and Vaughan, Handbook of Optics, 1978].
The second category includes the common sheet-filter-type dichroic polarizers 
and conventional bulk optic prism polarizers. Included in this category - see Fig. 6.3(a) - 
are the Gian types (Glan-Thompson, Lippich, Frank-Ritter, Gian- Foucault and 
Glan-Taylor) and the earlier Nicol types (Conventional, Nicol- Halle, 
Hartnack-Prazmowski and Foucault).
Another polarization-dependent absorber is the metal fibre polarizer, in which 
there is a region of metal close to the fibre core, with a planar face nearest to the core to 
introduce structural and material anisotropy to the waveguide (Fig 6.3(b)). This causes 
one of the two fundamental modes to be absorbed strongly by the metal, while the other is 
only very weakly attenuated. [Li et AL, 1986, Henry and Love, 1988].
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FIG . 6.2
(a) Bulk optic polarization beam-splitters made from birefringent crystals cemented at an 
interface to give different refraction angles for the two orthogonally polarized beams.
(b) Brewster-angle polarizers use a series of reflections at multiple interfaces tilted at 
Brewster's angle to reflect one of the two polarization states.
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(ä) Conventional bulk-optic polarizers using total internal reflection of one of the 
orthogonal polarizations to transmit a single pure polarization state.
(b) Metal-clad fibre polarizers use selective absorption of one polarization.
(c) Coiled birefringent fibre polarizers rely on differential bending loss to strip off one of 
the orthogonally polarized modes.
(d) Some theoretical single mode single polarization (SPSM) fibres use the leakage or lack 
of guidance for one mode or leakage via minor orthogonal field components to cause one 
mode to radiate away while the other remains guided.
Certain types of high-birefringence, single-mode, single-polarization (SPSM) 
fibres [Simpson et AL, 1983, Okamoto,1984, Vamham et Al, 1984a] and couplers 
[Kawacni and Kobayashi, 1984, Yokohama et Al,1984] fall into the second category . In 
theory, the combination of the a depressed-cladding profile and high birefringence 
provides a window for SPSM operation between the two cutoff wavelengths. However, 
the most likely mechanism for single-polarization behaviour of such fibres in the field 
appears to be polarization-dependent microbending or random tapering loss. This effect is 
enhanced by deliberately tapering or coiling a birefringent fibre, selecting the fibre bend 
radius or taper angle (along with operating wavelength) such that one mode is completely 
lost in a very short length, while the other mode is mostly unaffected [Okamoto, 1984, 
Vamham et Al, 1984]. A drawback for uncoiled fibres relying on this effect in the field is 
that the random micro-bending also leads to polarization cross-talk, and consequent loss 
from the desired polarization.
In theory, SPSM propagation may also be described by several other 
mechanisms, as summarized by a few examples in Fig. 6.3(d). The refractive indices can 
be arranged in such a way that the one of the fundamental modes is attenuated due to the 
absence of a guiding structure for one polarization, or leaks via minor orthogonal field 
components due to frustrated total internal reflection [Snyder and Ruhl, 1985]. This weak 
effect is enhanced by having non-aligned stress axes in the core and cladding materials, 
since the effective index seen by one of the modes becomes higher further out in the 
cladding causing leakage via the major field components of the other mode [Snyder and 
Ankiewicz, 1986].
Devices in the third category might function either by mode beating between 
different modes with different polarizations, as in birefringent couplers with non-aligned 
axes, or almost equilateral three-core structures, discussed in previous chapters, or by 
some non-linear effect within a dielectric medium. A simple simulation of the effect is 
possible, by using a polarizing beamsplitter to separate the polarizations, rotating one until 
it matches the other, and then recombining the two in a coupler of some sort, taking care to 
achieve the correct phase relationship between the two fields prior to recombination.
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Numerous applications already exist for polarization splitters, and to date have 
usually employed bulk-optic splitters for the job. In many applications, particularly those 
involving fibre optics, in-line optical fibre polarization splitters, when available, offer a 
better alternative.
The most obvious applications for the passive optical fibre polarization splitter are 
the splitting, combining, and production of polarized light. The possibility also exists for a 
passive polarization-based optical fibre switch. Coupler-type polarization splitters have an 
advantage over other in-line types, e.g. coiled or tapered birefringent fibres [Vamham et 
Al, 1984, Okamoto, 1984] in that the rejected polarization is not lost, and can therefore be 
used.
A simple application for the combining role of such devices is in a laser- 
redundancy module for submarine communications systems, in which two lasers with 
orthogonal polarizations may be launched into one fibre e.g. in an undersea repeater. 
[Kishimoto, 1982, Sasaki et Al, 1984, Tsutsumi et Al, 1984]. If one fails, the other turns 
on, reducing the need for urgent ship repairs.
More sophisticated applications include their use in polarization-diversity 
receivers, for coherent systems and interferometric systems e.g. gyroscopes, to overcome 
the problem of signal fading and loss of resolution due to random fluctuations in the 
polarization state along the transmission fibre. [Darcie et Al, 1987, Glance, 1987, Kreit and 
Youngquist, 1987, Ryu et Al, 1987, Enning et Al, 1988, Tzeng et Al, 1988]. Another 
such use is to convert FSK signals to polarization-switched signals at the transmitter, for 
decoding at the receiver, independent of local oscillator polarization angle [Cimini et Al., 
1988].
Polarization-fading can also be overcome by the use of an active polarization 
controller [Kersey et Al, 1988], to maintain the desired system visibility. This is equivalent 
to an in-line polarizer/compensator arrangement, often made using bulk-optics. A related 
application is the use of some physical variable, e.g. in a sensor/transducer, to modulate the 
polarization state in a fibre, with a receiver which incorporates an in-line polarization state 
analyser.
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Another in-line application matching one already found in bulk-optics is the 
optical isolator/circulator, in which back reflections along the input path can be eliminated 
by a combination of a polarizer and a Faraday rotator. In the fibre application, [Yokohama 
et Al, 1985, Yokohama et Al, 1986a] polarization splitters separate and combine the signal 
components, and Faraday rotators ensure that back reflections do not retrace their input 
path. The reflected signal is not lost, but diverted to the unused port of the input splitter, so 
that bi-directional data transmission is possible using this technique.
Two polarizations on a single fibre effectively doubles the information- carrying 
capacity of the fibre, by introducing a new degree of freedom. This is exploited in a novel 
multiplexer/demultiplexer arrangement in which alternate spectral channels, with orthogonal 
polarizations, are combined or separated by polarization splitters in successive stages using 
a cascaded tree structure. [Okamoto et Al, 1986].
In section 6.2 we discuss several different realizations of fibre-optic 
polarization-selective couplers which achieve the beamsplitting property shown in Fig. 6.1. 
Two of these realizations are then treated in more detail in sections 6.3 and 6.4, in which 
we present the mathematical analysis of splitters made from identical or different 
birefringent fibres. In section 6.5, we compare the two types by considering practical 
advantages and disadvantages in their fabrication and operation. First, however, we look 
at where these results tie in with progress to date on fibre optic polarizing beamsplitters.
6.1 BACKGROUND
With recent and widespread improvements in both coupler fabrication technology 
and birefringent fibre design, along with the need to produce, separate or combine 
different polarizations in optical fibre systems, attention has begun to focus on the 
possibility of using all-fibre in-line devices to achieve polarization selectivity.
It has been known for some time, both theoretically [Snyder & Young, 1978] and 
experimentally [Villamiel, Abebe and Bums, 1982] that two-core optical fibre couplers 
exhibit a certain amount of sensitivity to the input polarization state. The suggestion using 
optical fibre couplers for polarization splitting first arose from efforts to produce 
polarization-maintaining couplers from single-mode birefringent fibre [Nayar and Smith,
1 97
1983]. In this paper, the authors suggested two mechanisms by which polarization 
selectivity might be obtained: either by using the polarization-dependence of the coupling 
constants between two identical birefringent fibres (referred to as a Type I splitter in the 
next section) or by the complete phase mismatch for one polarization in a coupler 
consisting of a birefringent and an isotropic fibre (an extreme example of a Type II splitter 
in the next section).
A theoretical analysis [Snyder and Stevenson, 1985] of evanescent birefringent 
couplers and Type II beamsplitters gave design parameters for their fabrication from 
birefringent fibres using the polishing technique. In this case, however, a new technique 
was proposed - a coupler employing only a partial mismatch between the two fibres for 
one polarization and complete match for the other so that the power transfer lengths were 
in an integer ratio, e.g. 2:1. This technique requires less material birefringence to achieve 
beamsplitting than the coupler with complete mismatch, and was adopted in an 
experimental and theoretical coupler investigation [Stolen et Al, 1985a, Stolen et Al, 
1985b].
In these experiments, the authors polished two identical birefringent fibres to a 
different depth to induce differences, and found that the phase mismatch produced 
polarization selectivity with good agreement between theory and experiment. In particular, 
they found that a simple uniform coupler model describes these devices effectively. A later 
experiment [Lefevre et Al, 1988] produced the appropriate match and mismatch by 
polishing fibres oriented perpendicularly to achieve up to 25 dB of polarization isolation.
A further analysis of evanescent polarization splitters made from identical 
birefringent fibres [Snyder and Stevenson, 1986], derived the length and number of 
coupling cycles required for polarization splitting in couplers with aligned optical axes. 
These "Type I" splitters were compared to the previously analysed "Type II" splitters. The 
Type I spectral responses were examined to provide criteria for wavelength flattened 
splitters. Stress and form birefringence were compared to show that fused biconical taper 
couplers made from isotropic fibres must be very long to achieve the same results as 
splitters employing high-birefringence fibres.
A more complex model, accounting for stress-birefringence and geometry of both 
the cores and stress-applying parts in the coupling region was employed to analyze fused 
taper polarization splitters [Yokohama et Al, 1986a] made from both standard isotropic 
fibres and PANDA fibre.
Several other analyses and experiments on fused taper couplers acting as 
polarization splitters have been reported. One of the first reported fibre polarizing 
beamsplitters [Yataki, Vamham and Payne, 1985a,b] consisted of a very long (200mm) 
fused biconical single-mode coupler and showed a polarization isolation of 17 dB. A 
similar result was reported at the same time [Bricheno and Baker, 1985], along with a 
simple analysis of its four normal modes - even and odd modes for each polarization.
A more sophisticated model [Love and Hall, 1985] approximating the cross- 
section of the fused biconical coupler to a simple rectangle was used to simulate the 
wavelength modulation of the output power observed in the earlier experiments, as did a 
similar analysis of weakly and strongly fused tapered couplers [Payne, Hussey and 
Yataki, 1985]. These analyses showed good agreement with observed results.
A York V.S.O.P. coupler was measured [Namihira, 1986] and it was found that 
twisting introduces shear stress which affects the output polarization isolation ratios and 
input polarization axes required for linearly-polarized outputs.
Form birefringence can be described by coupler "shape factors" [Snyder, 1985, 
Snyder and Zheng, 1985, 1986] and in highly tapered couplers it is the dominant 
component of overall birefringence, even if stress is present. Using a finite element 
analysis [Zheng, 1986] it is shown that certain cross-sections provide no nett form 
birefringence and thus no polarization splitting in isotropic couplers. Also, it is found that 
the ellipse is a better model of the actual dumbell shape of coupler cross-sections than the 
rectangle.
Effects of the previously ignored fibre cores can be included by a perturbation 
technique [Chiang, 1987a,b,c] and by comparing such results to those obtained in an 
independent effective index method, the inclusion is shown to improve the calculated 
values. Generally, core effects are negligible in highly tapered couplers. An extension of 
this perturbation technique to couplers with stress- birefringence [Chiang, 1987d] showed
that stress effects dominate when the outer cladding boundary is large, while form 
birefringence takes over for very thin coupler cross-sections. In between, by corollary, the 
two effects may be equal, and even cancel each other or give equal and opposite variations 
with wavelength, to allow spectrally flat response overall. Also, geometric effects may be 
zero, leaving only the internal stress-effects which are immune to the outside medium.
6.2 REALIZATION OF FIBRE OPTIC POLARIZING BEAMSPLITTERS 
6 . 2 . 0  Polarization dependence of cross-talk in couplers
Birefringence in a coupler will cause some difference between the coupling 
constants for the two orthogonal polarizations parallel to and perpendicular to the plane of 
the two-fibre waveguide. This birefringence may be material in origin, or it may be 
present simply because the coupler cross-section is non- circular, as in isotropic couplers. 
In the previous chapter, we chose to ignore all polarization dependence of the coupling 
constants since it is generally weak and not important over a few coupling cycles, even in 
the "worst case" of parallel optical axes in the cores. This enabled us to simplify the 
modal analysis of birefringent couplers and make simple predictions about their behaviour 
over short lengths.
However, if the coupler is sufficiently long, the slight polarization-dependent 
difference in coupling lengths may become apparent. Thus in couplers made from identical 
birefringent fibres with parallel optical axes, or even in isotropic couplers, there may be 
complete power transfer from one fibre to the other and back an integral number of times 
for one polarization, and a half integral number for the other, leading to polarization 
splitting at the output. We refer to such couplers as Type I polarization splitters.
If a coupler is made from two different fibres, with at least one birefringent fibre, 
the refractive index profiles can be arranged so that one polarization sees two identical 
fibres and couples completely between the fibres, while the other sees unmatched fibres 
and cross-talk is reduced and modified. The difference in cross-talk can give polarization 
splitting if the fibres are chosen carefully, and such splitters are called Type II in this 
chapter. We now describe each realisation in turn.
200
BIREFRINGENT COUPLER
(b)
X_Polarization 
sees identical 
fibres of index nx
Y-Polarization 
sees fibres of
index r i y .
ik |3 (Isolated Fibres)
ß.--------------- ---------------------
f t  ~
Fibre 1 Fibre 2
FIG. 6.4
(a) Some possible cross-sections for Type I optical fibre coupler polarizing beamsplitters, 
consisting of two identical fibres polished or fused together, and operating by form or 
material birefringence.
(b) Example step-index profile for the model considered - a pair of birefringent cores with 
aligned optical axes, embedded in an infinite isotropic cladding. The coupler is treated as 
two independent couplers with core indices nx and ny .
(c) Fundamental mode propagation constants in the two cores are matched for both 
polarizations.
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6.2.1 Type I Polarization Splitters - Physical Description
Fig 6.4 shows some cross-sections of Type I polarization splitters made from 
identical isotropic or anisotropic fibres with parallel optical axes. The operational principle 
in both cases is the same, with each polarization considered independendy of the other. 
The only difference is the source of the birefringence - stress instead of form. This chapter 
deals mainly with the anisotropic variety.
Suppose a coupler possesses birefringence such that the coupling length is I^for 
x-polarised and for y-polarized light. For each polarization, light transfers cyclically 
between the fibres as in an isotropic coupler. However, there are regions further along the 
coupler where the power swapping falls out of step, so that the x power all arrives in core 
1 just where the y power arrives in core 2, and vice versa on the next half cycle of power 
transfer. There are only discrete positions where the two power cycles are exactly out of 
step, but for a few cycles on either side of these places, the two may continue to remain 
almost opposed to each other. This is demonstrated in Fig. 6.5 which plots the power in 
fibre 1 for each polarization against effective length, L of the coupling region.
The polarization splitting condition occurs regularly along the coupler. The first 
such occurence is at z = Ls say, and recurs every 2LS thereafter. Midway between, the 
two power variations are in step as they were at the input. Obviously, the more difference 
between the two beat lengths, LCx and LCy the sooner the two power cycles will fall out 
of step, and the shorter is the length Ls required for polarization splitting.
Thus, if the coupling constants are very polarization dependent, then 
comparatively short polarization splitters are possible, perhaps only a few coupling cycles 
in length. If the coupling is independent of polarization, as in some fused and tapered 
couplers, then polarization splitting is actually impossible, since the two polarizations 
remain in step as they propagate.
Note that there are really two conditions to be satisfied simultaneously for exact 
polarization splitting - (i) the two power cycles have to be exactly out of step, and (ii) each 
power cycle must be at an extremum, zero or unity, for unit input power.
The second condition is not so difficult to satisfy if coupling is only weakly 
sensitive to polarization state, since near-perfect polarization splitting will take place
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FIG. 6.5
Power coupling m the Type I polarization splitter along the length of the coupling region,
assuming uniform cores. Power transfer is sinusoidal and complete for-each polarization,
and after a number of cycles, the two polarizations are ou, of step, giving polarization 
splitting at the outputs.
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several cycles either side of the critical position. In highly birefringent couplers, however, 
the first condition may occur after only a few cycles, with adjacent cycles unsatisfactory 
for splitting. Both conditions must be satisfied simultaneously in such cases. The second 
condition requires an integer to half-integer ratio of the number of x and y coupling cycles 
along the coupler. We analyse this further in section 6.3.
Birefringence is a necessary, but not sufficent condition for polarization splitting. 
It is the difference between coupling constants rather than between propagation constants 
which leads to polarization splitting. The coupling beat lengths for the two polarizations in 
a birefringent coupler may even be equal in some cases. Obviously, if this occurs, or if 
birefringence is completely absent, polarization splitting is impossible.
An isotropic coupler is characterized by very weak form birefringence whose 
optical axes are the coupler's geometric axes. Its magnitude and sign depends strongly on 
the shape of the cross-section in some cases, notably when the field extends well into the 
cladding and close to the coupler's outer boundary, e.g., in strongly tapered, strongly 
fused couplers, in which core guidance is substantially reduced in the coupling region.
This has important consequences for the fabrication of isotropic polarization 
splitters - if real fused and tapered isotropic couplers were to exhibit the same behavior as 
the ellipse, as would appear to be the case [Zheng, 1986, Snyder and Zheng, 1985, 
Snyder and Zheng, 1986], then care must be taken in choosing the aspect ratio to avoid a 
null in the polarization sensitivity of the coupling constants.
Even evanescent isotropic couplers, such as those produced by the polishing 
technique, exhibit some form birefringence, proportional to (A)3/2, from (2-2) and (2-24). 
The coupling constants for the two polarizations differ very little, so the length scale 
corresponding to the first complete power mismatch is extremely long. For example, in an 
isotropic coupler with touching cores having V=1.43, which gives the maximum difference 
in coupling constants possible in the circumstances [Ankiewicz, Snyder & Zheng, 1986], 
the shortest possible length for polarization splitting is about 200 mm for a core radius of 
2.5 microns and profile height parameter A = 0.003. Evidently, usefully short polarization 
splitters made from weakly fused or polished-type couplers will require some material 
birefringence.
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6.2.2. Type II Polarization Splitters - Physical Description
Selectivity can also result from coupling between two dissimilar birefringent 
fibres, by a different mechanism to that operating in Type I polarization splitters. Several 
examples of Type II polarization splitters are shown in Fig. 6.6, both in cross-section, and 
in terms of propagation constants. The idea is to arrange the propagation constants of the 
fundamental fibre modes so that, for one polarization, they are matched, leading to complete 
cross-talk between the fibres, while a mismatch occurs for the orthogonal polarization, 
altering or preventing cross-talk for that polarization. The optical axes have to be parallel or 
perpendicular for the device to work as stated.
Illustrated in Fig. 6.6(b) are three possible arrangements for the x and y 
propagation constants. The first shows the situation for a coupler made from one isotropic 
and one birefringent fibre, in which the isotropic propagation constant, ß , is equal to one 
of the propagation constants, ßx , of the birefringent fibre. If form birefringence is 
ignored, alignment of the geometric and material optical axes is irrelevant. The second 
shows the case for a pair of birefringent fibres arranged with their optical axes 
perpendicular, such that the slow axis of one is matched to the fast axis of the other, while 
the third case represents a pair of different fibres with aligned axes, where the larger 
propagation constants are equal.
If the optical axes are parallel, then the two polarizations decouple and propagate 
independently, effectively reducing the system to two independent isotropic couplers. 
Thus, for x-polarized fields, say, the coupler is effectively a symmetric two fibre coupler, 
characterized by complete power transfer between the fibres. Hereafter, we adopt the 
convention that the x-axis is the "matched axis" in Type II couplers. The y-polarized fields 
propagate in an effectively mismatched-fibre coupler and now two situations may exist, 
although the same principle is involved in both.
One possibility [Nayar and Smith, 1983] is that the mismatch between the 
propagation constants of the y-polarized modes of each fibre is so great compared to the 
coupling constant C (Q = <» in our notation from the previous chapter,) that the fibres are 
effectively isolated for that polarization, leading to no cross-talk whatsoever (see Fig. 
6.7(a)).
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FIG.
Some possible cross-sections of Type II polarization splitters along with example 
step-index profiles, showing the three possible relationships between the propagtion 
constants of the fibre fundamental modes.
(a) One isotropic and one anisotropic fibre, with the indices matched for one polarization 
only.
(b) A pair of birefringent fibres with the fast axis of one matched to the slow axis of the 
other.
(c) A pair of birefringent fibres with matched fast axes and mismatched slow axes (could be 
vice versa as well).
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FIG. 6.7
Power transfer in Type II splitters for various values of the mismatch, to show how 
detuning affects the required number of cycles for each polarization.
(a) Q = °°
(b ) Q = V3 =1.732
(c) Q = V7/3 = 0.882
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Another possibility [Snyder and Stevenson, 1985, 1986] is for the y mismatch to 
be small, comparable to the coupling constant, leading to partial power transfer - see Fig. 
6.7(b,c). The length scale for this is shorter than that for the complete x-polarization 
power transfer so it is possible, in theory, to arrange the power transfer lengths so that 
x-polarized light emerges from the cross port after a half integer number of beat lengths, 
while y-polarized light undergoes an integer number of cycles to emerge from the through 
port.
In both varieties of the Type II splitter, the potential exists to make a polarization 
splitter only half a coupling cycle (tc/2Cx) in length, even for relatively modest fibre 
birefringence, since this type operates by means of cumulative phase differences between 
the slightly mismatched modes. By contrast, several full coupling cycles are likely to be 
required in Type I splitters since these require a cumulative phase difference between the 
power beat cycles in the system, which are much longer than the optical wavelengths, and 
are only weakly polarization dependent.
As in Type I splitters, many suitable ratios of the beat lengths for the two 
polarizations are possible in Type II splitters, as typified by the situations in Fig. 6.7. For 
Type II however, the y-polarized light must emerge from the through fibre (using our 
convention), while either polarization is possible in Type I splitters. We now examine 
each type in more detail, using only simple results from the perturbation analysis of 
isotropic couplers.
6 .3  ANALYSIS OF TYPE I POLARIZATION SPLITTERS 
6.3.0 Propagation in Type I Splitters
We assume that the fibres comprising our polarization splitters are single- moded. 
The coupling is taken to be evanescent so that the the cladding is infinite in extent. The two 
polarizations, x and y in Fig. 6.4, may be treated independently of each other in the scalar 
regime, provided the optical axes are uniform throughout, as shown in the previous 
chapter. Propagation, therefore, is described as beating between orthogonally polarized 
even and odd normal modes of the composite two-core system. The four modes have 
propagation constants ßi ± Q (i = x,y). If we launch light with unit power into each of
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the two orthogonal modes of one of the fibres at the input end of the coupler, the power in 
each polarization of this "through" fibre varies as follows:
z
through (*
Px (z) = cos"J Cx(X,z')dz! (6-la)
o
z
through f
Py (z) = sin" J Cy(X,z') dz' (6-2a)
o
where z is the distance along the coupler, and Cy are the coupling constants for the 
two polarizations and depend explicitly on both wavelength and location along the coupler 
and implicitly on the local profile. In "effective coupling length" notation for an equivalent 
uniform coupler,
Pj(L) = cos2 [Cj(X)L] (6-2)
where Q  ( X)  is defined (for the uniform coupler):
c  = (ß% ß:)/2 (6-3)
Perturbation theory gives Q  ( X)  as previously described.
Polarization splitting results at a particular wavelength X  = X0 when the power 
transfer cycle for x-polarized light is exactly out of phase with the cycle for y-polarized 
light and, simultaneously, each cycle has reached a maximum or minimum. These 
conditions may be written:
!cx(X0)-Cy(X0)lL = y,y-.y-, ... (64a)
Cxa 0)L = - | , i r , ^ - ,2 j c , . . . (64b)
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From these two conditions, and knowledge of the coupling constants, we can deduce the 
length(s) and number(s) of coupling cycles required to make a splitter from a given fibre 
profile. We can also infer its spectral response about the operating wavelength and 
optimise its physical characteristics to reduce its sensitivity to environmental and other 
external parameters.
6.3.1 Length Required for Polarization Splitting
There are theoretically an infinite number of combinations of x and y coupling 
lengths satisfying the two splitting conditions in (6-4). The simplest class of Type I 
splitter creates a half-cycle difference between the x and y power transfer cycles at the 
output. This is also the most practical option, since it is potentially the shortest and least 
susceptible to source linewidth and the environment, as discussed in a following section.
Therefore, the situations we examine correspond to this class of splitter with 
Px=l at the output through-port and Py = 0, and vice versa. From (6-4), this means that 
LCX (Ä.) = Nx7t and LCy( Xq ) = (Nx ± 1/2)tc , where L is the necessary effective splitter 
length and Nx is a half-integer or integer. Nx is the number of complete coupling cycles 
along a coupler with two cores of refractive index nx. Thus, we may rewrite the splitting 
conditions for this special case :
L = 7c/(2lCxa 0) - Cy(X0)l) (6-5)
Nx = Cx(X0)/(2lCx(V - Cy(X0)l) = 1 , 1 .2 , . . .  (6-6)
In effect, (6-5) tells us when the two power cycles are exactly 7t/2 radians out of phase 
and (6-6) tells us how many x-polarization coupling cycles have occurred up to that point. 
Nx depends, therefore, on the relative difference between effective coupling constants, 
while L depends on the actual difference. The half-integer constraints on Nx distinguish 
polarization splitters from other birefringent couplers with k  /2 phase difference between 
the coupling cycles.
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Although these results are expressed in terms of effective lengths and coupling 
constants, the number, Nx , of power transfer cycles is well-defined physically and should 
be independent of our formalism. Therefore if we arbitrarily set the effective length L to 
be some amount greater than or equal to the true length of the coupling region, we can 
define the effective coupling constant Cx
L
C* = L . f C*(z)dz (6-7a)
0
In the same way, the difference I Cx - Cy I can be expressed 
L
lcx - CyI = r  I [ (c ,(z) - Cy(z)) dx I (6-7b)
0
Hence the conditions for splitting can be written in terms of integrals involving the actual 
coupling constants:
If (Cj(z) - Cy(z)) dz I = 5- (6-8)
f C*(z) dz
\ i  = _ _ _ 2_ _ _ _ _ _ _ _ _ =  _L i 2
i f  I 2 ’ A’ 2 ’ ’2 lJ (C x(z)-C y(z))dzl
(6-9)
where 5 denotes the integration length. The limits of integration are now unimportant 
provided they extend beyond the coupling region. These "universal" integrals relate to the 
accumulated phase difference between normal modes in the coupler, and apply regardless 
of its physical form. This provides a conceptual link between the "real world" of tapered 
couplers and our "model world" of uniform, invariant couplers. For our purposes in this 
chapter, it is easier to deal with the effective uniform coupler to gain a physical 
understanding of the basic process involved.
(a) Power in the through fibre of a Type I splitter with 2.5 cycles for x-polarized light and 
2.0 cycles for y-polarized light, along with accumulated phase along the coupler for each 
coupling cycle, and the difference between the phases showing how the rc/2 phase 
mismatch occurs at the correct position.
(b) Power in the through fibre of a birefringent coupler in which the splitting conditions are 
not satisfied simultaneously anywhere. The accumulated phase for each coupling cycle 
reaches half-integer multiples of t z at different positions. This is the most general case,while 
polarization splitting is a special case.
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Coupling for both polarizations in a uniform Type I splitter is demonstrated in 
Fig. 6.8(a) to show how both conditions (6-4a) and (6-4b) are satisfied at the output. 
Here, there are 2.5 complete beat lengths for x-polarized light and 2 for y-polarized light. 
The phase terms CXL and CyL and the difference (Cx - Cy)L  are both plotted against the 
equivalent length parameter to demonstrate the simultaneous satisfaction of both conditions 
in "universal phase space".
More commonly, however, power coupling results as shown in Fig. 6.8(b). In 
this case, the position for the half cycle difference - satisfying (6-5) and (6-8) - does not 
coincide w ith any o f the positions for a half-integer number o f x-coupling cycles - 
satisfying (6-6) and (6-9). For each physical parameter which affects coupling, e.g. 
wavelength, index etc., there are only discrete values o f that parameter which allow 
polarization splitting to occur.
There is the possibility that a coupler, which fails to satisfy the second condition 
(P = 0 or 1) when ICX - Cy IL = tc/2, may satisfy it when ICX - Cy IL = 37t/2, 5tt/ 2 , 7tc/2 , 
etc. For these situations to occur, the conditions analagous to (6-5) and (6-6) are :
For example, a coupler may act as a splitter w ith 21 complete coupling cycles for 
x-polarized light and 23.5 cycles for y polarized light, corresponding to Nx = 21 and m = 2 
in (6-10) and (6-11).
Splitters short enough to be useful, however, w ill have m close to or equal to 
zero, simply because the birefringence required to make m large, while Nx or Ny is small, 
is physically impractical. (For example, a splitter with Nx = 1 and Ny = 4.5 is not feasible 
because o f the enormous birefringence required to make Cy = 4.5 Cx .) Hence, our 
emphasis w ill be on the m = 0 (half cycle difference) case from now on. There is still a 
trade-off between ease o f fabrication and the splitter's sensitivity to changes in operating
L = (2m + 1 )tc/(2 1 Cx - Cyl) (6-10)
N, = (2m + l)Cx/(2 lc , - Cyl) (6-11)
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conditions and physical perturbations. To make a splitter with half a coupling cycle for one 
polarization and a whole cycle for the other requires a 2:1 ratio of coupling constants which 
is difficult to achieve. With less birefringence, it is possible to make a splitter with a 
coupling constant ratio of 10:10.5, say, but this is more sensitive to its environment. This 
is discussed in section 6.3.3.
6.3.2 The Step-Profile Type I Splitter
In this section, we use our expressions for the length and number of coupling 
cycles necessary for polarization splitting to investigate a Type I splitter constructed from 
two uniform, identical, birefringent cores of radius p and core indices nx and ny , 
separated by a distance d within an unbounded isotropic cladding of refractive index nCJ, as 
shown in Fig. 6.9(a). As noted earlier, we may consider the two polarizations separately, 
so that the analysis reduces to the isotropic case. The evanescent coupling constant, C, 
between two identical, isotropic circular fibres with the same dimensions as the coupler 
shown is approximated quite accurately by [Snyder & Love, 1983]:
where U, V and W are the propagation and fibre parameters for each isotropic fibre, A is 
the profile height parameter, and Kq and are modified Bessel functions. This expression 
is very accurate for d/p > 3 and is only a few percent in error in the range 2 < d/p <3 
[Ankiewiczet Al, 1986].
Effectively, we have two couplers, with coupling constants, Cx and Cy , derived 
from (6-12), by inserting appropriate values for Aj, Uj , Vj and Wj (j = x or y). The 
normalized coupling constant Cp/(2A)L2 for various values of d/p is plotted in Fig. 
6.9(b) to show its variation with Vx (or X , equivalently). Cx and Cy can be inferred for 
a given d/p , by going to the respective V values, Vx and Vy , on the horizontal axis and 
using corresponding values of A in the scaling factor on the vertical axis.
(6- 12)
2 1 4
FIG. 6.9
(a) The step-profile birefringent coupler with aligned optical axes, used as our model of the 
Type I polarization splitter.
(b) Normalized coupling constant as a function of the fibre parameter V for various 
different core separations. To find the two coupling constants for the orthogonal 
polarization states, simply go to the appropriate V values on the curves and read off the 
coupling constants as shown. It is possible for the x and y coupling constants to be equal 
in birefringent couplers.
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From (6-5), the length of the m = 0 splitter is inversely proportional to the 
magnitude of the difference between Cx and Cy , so that the greater this difference, the 
shorter is the coupler satisfying the splitting conditions. Clearly, from the curves for 
C(V,d/p ) in Fig. 6.9(b), this difference depends not only on material birefringence, but 
also on wavelength and physical dimensions of the coupler. Material birefringence can be 
quite large in certain cases, and we can still have Cx = Cy , preventing polarization 
splitting.
Using values of Cx and Cy given by (6-12), we can plot the length and number 
of coupling cycles needed for splitting from (6-5) and (6-6). This is done in Fig. 6.10 for 
various values of p, d/p and 5 /A to give L and N as functions of V or X equivalently.
The splitting conditions are satisfied whenever the "N curve" crosses integer or 
half-integer values on the N axis. This gives a discrete set of V values on the horizontal 
axis. The corresponding lengths for each V are read off the L curve. For all other V 
values, the coupler in question is not an m = 0 splitter. However, there is another set of 
discrete V values corresponding to m = 1 and another for m = 2 and so forth.
For given coupler dimensions and operating wavelength, the length and number 
of coupling cycles needed for polarization splitting is inversely proportional to 8/A for 
very small anisotropy. To see this, note that C depends explicitly and implicitly on A , 
with the implicit variation arising in V, and in U and W which are functions of V for a 
given fibre. Thus, the difference in x and y coupling constants, to lowest order, is
C1- C , . ( a , - A , ) { g . f ( § . § f . § f 9 }  <M3>
From the expressions we already have for C and V, it readily follows that
r  r  -  § f C , V/ac I ac dU . dC dW\ ) 
w y a 1 2 2 vav audv awdv;/ (6-14) -
The coefficient multiplying 8/A depends on the coupler in question and may be zero in
some cases.
17 M/*«*) l-5~a » V o  I 1
FIG. 6.10
Length and number of coupling cycles in various Type I splitters as a function of fibre
parameter V (or wavelength, equivalently for a given fibre type), derived from (6-5) and
(6-6) for the case of a half-cycle difference between the coupling cycles of the two
polarization states. The length may approach infinity in cases when the two coupling 
constants are equal.
(a) p = 5 um, d/p = 2
(b) p = 2.5 um, d/p = 6
(c) p = 1.5 urn, d/p = 10
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FIG. 6.11
Length and number of coupling cycles for two different Type I splitters as a function of the 
relative fibre anisotropy to show the effect of different fibre parameters on the splitting 
conditions. Again, there is a half-cycle difference for the two polarizations. For small 
anisotropy, LB ~ (5/A)*1 .
(a) p = 5  urn, d/p = 3, nx = 1.45, Vx = 2.35, = 1500 nm
(b) p = 2.5 urn, d/p = 6, nx = 1.45, Vx = 1.175, = 1500 nm.
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Of more use are couplers with large relative anisotropy, so that the required 
splitting length is smaller. In Fig. 6.11, we plot the the length and number of coupling 
cycles against relative anisotropy for two example splitters. The first is typical of a 
polished, untapered coupler, while the second might represent a polished coupler made 
from weakly-tapered fibres or a weakly- tapered etch-fused coupler. Dimensions, indices 
and wavelength are typical of standard single-mode fibres and are chosen to make the 
nominal coupling length usefully short (although many cycles may be needed). For a 
given wavelength, only discrete values of 5/A are permitted, but with wavelength tuning, 
all values of 5/A can be used. In both cases, we fix A = 0.003.
The inverse dependence of length on relative anisotropy is evident when 5/A is 
small. Another feature of both Fig. 6.10 and Fig. 6.11 is that the required length 
sometimes approaches infinity even for non-zero anisotropy, indicating that Cx = Cy in 
these situations.
Form birefringence introduces a slight error into the results shown here. The 
error is most pronounced for long splitters and those couplers in which the field extends 
out well beyond the core regions. The two sources of form birefringence are the 
non-circular cladding and the non-circular shape of the two-core profile. In the complete 
absence of material birefringence, this form birefringence, calculated by inserting the odd 
and even coupler scalar modes into (2-38), leads to the following results for well-separated 
fibres [Snyder and Love, 1983]:
y) K,(W)lK0(W) Kj(W)j 2
c
= 2AW[k i(W)I2(W) - IjCVV^W)] if W d/p »  1 (6-15b)
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From (6-15a) and (6-5), L is proportional to (A)-3/2 in an isotropic polarization splitter, 
while from (6- 15b) and (6-6), Nx varies inversely with A . Evidently, the required length 
and number of coupling cycles is very large for weakly guiding fibres. It follows that 
form birefringence contributes very little to polarization splitting in evanescent couplers 
unless 6 is extremely small, so that the quantity ICX - Cyl/C has comparable contributions 
from form and material birefringence, in which case the splitter is unpractically long.
6.3.3 Spectral Response
We found in the preceding section that the two conditions for polarization 
splitting are satisfied simultaneously for a given coupler only at discrete wavelengths. If 
we use a slightly different wavelength, exact splitting will not occur at the output. This has 
important implications since light launched into any real optical system has a certain spectral 
spread - a linewidth in the wavelength domain - which degrades the performance of the 
splitter.
To determine the effects of the spread spectrum, we first need to know the 
spectral responses (curves of the cross-coupled power versus wavelength) for each 
polarization. To determine these, we make use of the expressions for the coupling 
constants, which vary with wavelength. We select a particular coupler inde*. profile and 
length and vary the wavelength to see how the splitting ratio varies. We can then integrate 
this response over the input spectrum to determine the output power in each fibre for each 
polarization.
In our equivalent coupler model, the power in fibre 1 for unit input power is 
given by (6-2), where the coupling constant C i ( X )  (i = x,y) is given by (6-12) with 
appropriate values inserted for A , U, V and W. Now suppose a splitter of length L 
functions at a wavelength X  = X 0 , with Nx coupling cycles for x-polarized light. 
Varying the wavelength about will cause the product C i ( X ) z  (i=x,y) to Vary, so that the 
power emerging from the through port is given for each polarization by:
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through n
Px (z = L) = cos"[Nx7tCx(k)/Cx(k0)J (6-16a)
through n r  -t
Py (z=L) = cos-[NxrtCy(X)/Cx(X0)] (6-16b)
Thus the output power oscillates between 0 and 1, for both polarizations, if the 
fibres are identical with aligned optical axes. Because the crosstalk is polarization 
dependent, the splitting condition is not repeated generally at any other wavelength.
The longer the coupler, the larger is the product QL, and the greater is the 
variation in this product with wavelength. Hence, long couplers generally exhibit rapid 
spectral oscillations, while short ones are much less oscillatory. This depends on the 
derivative of the coupling constant with wavelength, which may in some cases be zero, for 
example near V = 1.25 when d/p = 4, from Fig. 6.9(b). In fact it is possible that the 
spectral variation for one polarization is flat while the other is quite oscillatory.
In Fig 6.12 we show the spectral responses of two polarization splitters to 
illustrate these points. In one case, we illustrate the response of a short coupler of only 4 
coupling cycles for x-polarized light and with an almost flat Cy(V) curve at wavelength ^  t 
By contrast, in the second example, the coupler is 40 cycles long, with Cx( X ) and Cy(^) 
varying strongly about Xq . These numerically convenient parameters are not intended to 
be experimentally realistic, but serve merely to highlight the remarks above.
The coupler's response to parameters other than wavelength will reflect the 
spectral response in some cases, i.e., changes in certain operating and environmental 
conditions will not affect the splitter if the spectral response is flat at the desired 
wavelength. For example, a quadratic spectral response implies a quadratic response to 
small changes in length about the operating value. If a splitter functions only over a small 
range of anisotropy, then only a narrow temperature range is suitable, and so on. The 
small wavelength ranges about which the splitter functions may be regarded as "channels".
A criterion for acceptable splitting may be defined, e.g., a 0.1 dB cross- coupling 
limit, (about 2% of the power in each polarization exits the wrong output port). Increasing
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(a) 075 0*8
FIG. 6.12
Spectral response of two different Type I polarization splitters with a half cycle difference 
for the two polarizations, showing the effect of length and operating parameters on the 
sharpness of the spectral response about operating wavelength. In both cases, the cores are 
touching and of radius 2.5 um. Note the very flat y-response in case (a).
(a) 5/A = 0.3, Nx = 4, X 0 = 880 nm
(b) 5/A = 0.1, Nx =40, X 0 = 790 nm
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N would thus increase the number of useable channels, but this also decreases the useable 
width of each channel. By contrast, short splitters operate over a single broad channel in 
the spectrum, making them more useful and environmentally stable.
The spectral response can be used to calculate splitter performance using a finite 
bandwidth source, or conversely, allowable finite linewidth for a desired performance. We 
assume our source width does not extend beyond a quarter channel spacing either side of 
Xq , (otherwise the splitter can not function) and that the spectral response about X$ is 
quadratic (including the possibility of a flat response).
Fig. 6.13(a) shows the local varation in x and y spectral responses for one output 
fibre of a hypothetical splitter, and we can write:
where Tx and Ty are the transmissivities (output power per unit input power in that 
polarization state) of the system, and Ax and Ay are quadratic spectral response 
co-efficients which determine the sharpness of the channel in question. We can determine 
Ax and Ay simply from (6-16), by approximating:
Txa) = i-Axo.-y2 (6-17a)
Ty(X)=Ay( X - y 2 (6-17b)
' 0 '
(6-18a)
(6-18b)
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FIG. 6.13
(a) Schematic representation of the Type I splitter spectral response in the region near the 
operating wavelength, X0 .
(b) An arbitrary input signal has a non-zero spectral spread.
(c) The output spectrum of the rejected polarization is zero only at X  = X 0 . Dashed
curves indicate source spectra. Total unwanted power is given by the shaded area under 
the ST curve.
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It follows therefore that the co-efficients are given by
Ax = Nx>c Cxa 0)/Cx( y (6-19a)
Ay = Nx7t Cy(X0)/Cx(X0) (6-19b)
The larger the number of cycles or the wavelength derivative of the coupling constants, the 
sharper the channel "peak” and "trough", and the larger are the A values. Response is 
"flat" if Aj(>.0) (j=x,y) is sufficiently small that the response rem ains close to its extreme 
over the linewidth o f the source.
Suppose the launched light possesses an arbitrary spectrum  as shown in Fig. 
6.13(b). The total pow er em erging in the y-polarized state from  this fibre is given by the 
integral over all wavelengths o f the product of the input spectrum and the y-transmissivity. 
W hen the transm issivity is a quadratic, as in (6-17), this integral is a "second moment" of 
the source spectrum . This is as sm all as possible, ideally. The integrand is the pow er 
spectrum for the em erging y-polarized light. Three example output spectra, shown in Fig. 
6 -13(c) are due to rectangular, triangular and G aussian input spectra with the same
The sim plest example is the rectangular input spectrum, constant over the range 
X0 - 5X/2 < X  <  X 0  + 5A, /2  . For unit input power, the spectrum is
FW HM .
(SX)'1 X0 - 5 V 2 < l < X 0 + 6X/2
(6-20)
0 elsewhere
The total output power in the unwanted polarization state becomes, therefore
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R = f S(X) T.(X) dX
ol/2= J (5X)'1 A .(X■ XQ)2 dX
-5Ä./2
= A ^ x f / U  (j = x,y) (6-2 la)
Similarly, for the triangular spectral distribution with unit input power and FWHM of 5A,, 
the unwanted output power is
R = J S(X) T.(X) dX
SK
= 2 j  [(8X)'1 - (6X)'2 (X - x0)] A.(X - x /  dX 
0
= A.(5X)2/6 (j = x,y) (6-21b)
This is larger than for the rectangular distribution, because the input spectrum extends 
further into the transmission region. Similarly, a Gaussian input spectrum with unit power 
and the same FWHM gives slightly more again :
Pj =Aj(8X)2/8*n2 = A(8X)2/5.545 (j =  x ,y )  (6-21c)
These results show that the more spread the source function, the greater the second 
moment, in proportion to the square of the source spectral width and the spectral response 
sharpness parameters Ax and Ay .
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Hence, while the lower birefringence needed in long Type I splitters may be 
easier to realise than that for short Type I splitters, the latter should have the advantages of 
being more practical to fabricate, handle, and use due to increased spectral channel width 
and associated improvements in polarization extinction ratio and performance in coherent 
systems.
6 .4  ANALYSIS OF TYPE II POLARIZATION SPLITTERS 
6.4.0 Propagation in Type II Splitters
Coupling in Type II splitters is due to beating between the four lowest order 
modes of the composite structure, as in Type I splitters. To analyse the Type II structure, 
consider the representative example of Fig. 6.6 consisting of one isotropic and one 
anisotropic fibre embedded in an infinite isotropic cladding. Each fibre in isolation supports 
only two orthogonally polarized fundamental modes. The variations shown in Fig. 6.6 are 
conceptually identical.
For the sake of convention, we take the propagation constant of the fundamental 
mode of the isotropic fibre to be equal to that of the x-polarized mode of the anisotropic 
fibre. We also use the notation Q = (ßx - ßy )/2C, from the previous chapter, to quantify 
the ratio of the beat lengths due to evanescent coupling and birefringence. As in the 
previous chapter the fibres are assumed to be almost identical so that the evanescent 
coupling constant is independent of polarization. As we show below, Type II splitters 
require very little birefringence to operate, compared to Type I, so we assume Cx = Cy =C.
Again, the two polarizations decouple, so that the waveguide is effectively two 
independent couplers, x-polarized light sees two identical fibres, giving the familiar even 
and odd normal modes, as in Fig. 2.9. The through-port power for unit input power is 
given in a uniform coupler of length L by
P
through
x cos2 (CL) (6-22)
In contrast, y-polarized light sees two different fibres, with the difference characterised by 
Q. The y-polarized scalar modes do not possess symmetry about the central axis, but are
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"skew" as shown in Fig. 2.11, giving incomplete cross-talk. The through power for a 
y-polarized input with unit power is
pthrough = j _ (1 + Q2yl ski2 [(j + Q2)1/2 C L] (6-23)
The beat lengths for the y and x polarizations are 7t/[C (1 + Q2)1/2] and k/C, respectively. 
Maximum transferred power for y-polarized light is 1/(1 + Q2)1/2, which tends to zero as Q 
increases.
Polarization separation is thus achievable at the output in two ways:
(a) Arrange the two length scales so x-polarized light undergoes a half-integral 
number of cycles while y-polarized light experiences an integral number, or
(b) Make the fibres so birefringent that the amplitude (1 + Q2) is negligible, and 
simply arrange for a half integral number of cycles for x-polarized light.
The conditions for achieving the first scheme (a) are:
CL = (m + i)Tt m = 0, 1,2 , . (6-24a)
] n > m
CL = mt/(l + Q2)1/2 n = 1 , 2 ,3  ,... (6-24b)
where CL is replaced by the uniform phase integral, j C.dz in general couplers. Both
discrete conditions must be satisfied to achieve splitting. Type 11(a) splitters are thus
characterised by an integer pair (m,n) describing the number of coupling cycles for each
polarization (with an extra half cycle for y). Note, m < n always, since the y-polarization
beat length is shorter than that for the x-polarization, from (6-22) and (6-23).
Note also that some pairs in which the integers are related are, in a sense,
equivalent to other pairs, e.g. a (10,15) splitter is the same as three (3,5) splitters in series.
Odd concatenations of a splitter form an equivalence class, but even concatenations are
never splitters. It can be shown that all pairs, (m,n), in which the integers (2m +1) and 2n
share no common odd factor, are fundamental pairs (i.e. the corresponding splitters are not
concatenations of any smaller Type II splitters).
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Scheme (b) above also requires two conditions, but only one is discrete :
CL = (m + ^)7t m = 0 ,1  , 2 ... (6-25a)
Q »  1 (6-25b)
M eeting the second condition only requires a slight difference in propagation constants, 
ß x-ß y . e.g. If we require no more than -20 dB cross-talk at the output, we only require 
Q>10 (approx.), w hich is not beyond present technology (see Fig. 5.2). This is a limiting 
form  of the Type 11(a) splitter, in that the second condition (6-24b) does not apply due to 
the negligible m axim um  pow er transfer for the y-polarization, roughly 1/Q when Q is 
large.
W e now consider both schem es in turn, to give some design param eters for 
practical Type II splitters, and to predict their spectral and environmental response.
6 . 4 . 1  Length Required for Polarization Splitting in Type II Splitters
Type 11(a):
The conditions (6-24a,b) are satisfied  for an infin ite num ber o f integer 
com binations (m,n), in principle, subject to the constraint, m  < n. Physical considerations 
o f length and fibre birefringence are also constraints in practice. From the Type I analysis, 
it is intuitive that combinations with small m and n will have environmental and fabrication 
advantages over o thers w ith large m or n. C om bining (6-24a) and (6-24b) gives 
expressions for the requisite birefringence parameter Q for a given combination (m ,n ):
(6-26)
Table 6.1 shows the resulting values of Q for m < 7 and n < 8.
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TABLE 6.1 Q = L</ Lb for various (m,n) combinations
n\m 0 1 2 3 4 5 6
1 1.732
2 3.873 0.882
3 5.916 1.732 0.663
4 7.937 2.472 1.249 0.553
5 9.95 3.18 1.732 1 .02 0.484
6 1 1.96 3.873 2.182 1.392 0.882 0.436
7 13.96 4.558 2.615 1.732 1.192 0.787 0.4
TABLE 6.2 L/L6 for various (m,n) combinations
n\m 0 1 2 3 4 5 6
1 0.866
2 1.936 1.323
3 2.958 2.598 1.658
4 3.969 3.708 3.122 1.936
5 4.975 4.77 4.33 3.571 2.179
6 5.979 5.809 5.454 4.873 3.969 2.398
7 6.982 6.837 6.538 6.062 5.362 4.33 2.598
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The smaller the actual fibre anisotropy ratio, the greater the fibre separation 
required to satisfy the splitting conditions for a given pair (m,n) and the greater is the 
consequent length L(m,n) for polarization splitting. For example, if (m,n) = (0,1), i.e., a 
half coupling cycle for the x polarization and a full cycle for y, as shown in Fig. 6.7(b), 
then Q must be 1.7321 = V3 to satisfy (6-26).
We can determine the necessary coupling constant and hence fibre separation in a 
step-circular-profile coupler given the relative anisotropy, using (2-48) and (2-49), and 
from this we can derive the length, L, needed to satisfy (6-24a). Note that two independent 
conditions, not necessarily cast in the form of (6-24a) and (6-24b), are always required to 
completely specify a type 11(a) splitter because the number of degrees of freedom is decided 
by the number of polarization states.
An example calculation of splitter length for (m,n) = (0,1) is plotted in Fig. 6.14 
as a function of (8/A), together with corresponding d/p values required to set Q = 1.732 in 
a step-profile coupler with A = 0.003, p = 2.5pm, nx = 1.45 and an operating 
wavelength of 850 nm. The inverse dependence of splitter length on fibre anisotropy is 
evident
Relative anisotropies (5/A) of 0.2 are readily achievable, since fibres having 
birefringent beat lengths of around 2 or 3 mm are now possible, so a polished type splitter 
with a relative fibre separation d/p of 2.5 (fibre cores almost touching) could yield a 1 mm 
polarization splitter provided material birefringence is not significantly degraded in the 
process [Stolen et Al, 1985a],[Stolen et Al, 1985b]. This is not a straightforward task, of 
course.
This begs the question - How short can a Type 11(a) splitter be made, if we are 
free to choose any (m,n) combination? In the example just given, it is not obvious that 
(m,n) = (0,1) gives the shortest possible splitter. If we decide to increase coupling, by 
bringing the fibres closer together, for instance, the coupling length decrease. However, Q 
also decreases, and smaller values of Q are associated with higher order splitters in Table 
6.1. Does a greater number of shorter cycles result in longer or shorter splitters ?
In practice, although altered by polishing or tapering in coupler fabrication, fibre 
anisotropy is not readily controllable, so it is appropriate to regard this as fixed here. The
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FIG. 6.14
Calculated Type II splitter length for 0.5 full coupling cycles for x-polarized light and 1 full 
cycle for y-polarized light, as a function of 5/A together with corresponding d/p values 
to make Q = 1.732 as required by (8-26). The coupler consists of two fibres of radius 2.5 
um, Vx = 2 and A = 0.003.
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variables of interest, therefore, are (m,n), coupler length L(m,n) and the coupling constant 
C, which incorporates the wavelength dependence, relative fibre separation, fibre radius, 
and index profile, and also determines the coupling length L . The birefringence ( ßx - ßy )
Combining (6-24a) and (6-24b) and letting Q = ( ßx - ßy )/2C - ' L q I Lb where LB 
is constant, gives the following two conditions for achieving Type 11(a) splitting.
These conditions are again discrete; (6-27a) is simply (6-26) rewritten for 
convenience to separate constants from the dependant variable. The condition, (6-27b), 
giving overall length L(m,n), is summarized in Table 6.2 and the combination of the two 
conditions, showing the 2 degrees of freedom, length and coupling length, is rendered 
graphically in Fig. 6.15. The conditions resulting in perfect polarization splitting show up 
as points in the plane, whose co-ordinates are read for each (m,n) from Tables 6.2 and 6.1. 
Shaded areas around each point, derived below, represent tolerable spreads in the plane for 
which polarization cross-talk remains below 20 dB at the output ports.
For example, if we want a perfect polarization splitter with (m,n) = (2,4), (see 
inset diagram of power versus distance along the coupler), then we end up with a coupler 
3.122 times as long as the birefringent beat length LB of the anisotropic fibre, and with the 
ratio Q = Lc / Lb = 1.249.
From Fig. 6.15, the shortest possible splitter for a given birefringent beat length 
L is the (m,n) = (0,1) splitter. As separate actions, simply decreasing coupling length, or 
reducing the number of coupling cycles are not, in themselves, sufficient to reduce the 
splitter length. For example, the (1,3) splitter, with a greater number of shorter coupling 
cycles, is longer than the (0,2) splitter and the (2,3) splitter with a greater number of
and the associated beat length LB = 2jr/(ßx - ßy ) are constants for this analysis.
(6-27a)
1/2
L = (m + i ) L c = LB[n2 -(m + i ) 2] (6-27b)
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FIG. 6.15
Length for various (m,n) combinations of the Type II splitter normalized to the birefringent 
beat length, LB = 27c/(ßx - ßy ), as a function of normalized birefringence Q = ( ßx - 
ßy)/2C. The points in the plane for exact splitting are determined from the conditions 
summarized in Tables 6.1 and 6.2, and the shaded lozenge-shaped regions denote values 
giving 20 dB output polarization isolation. The inset illustrates the numbering scheme for 
the example, (m,n) = (2,4), denoted "*" on the graph.
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shorter cycles is shorter than the (0,2) splitter. This relativity of lengths applies only in 
principle, since practical variations in the birefringence, due to fabrication processes, will 
distort the array of points in Fig. 6.15.
During coupler fabrication, the coupler traces out a "trajectory" in the (L/LB - Q) 
plane or, equivalently, the (L - Lc) plane. Ideally, this should end on one of the splitting 
points or within one of the shaded tolerance regions of Fig. 6.15. There is of course a very 
small probability of landing on one of these points if fabrication procedes in a hit-or-miss 
fashion, so a very repeatable, controllable technique, with at least two degrees of freedom, 
is required. Even then, certain regions of the plane will be inaccessible for a given fibre 
type, due to degradation of birefringence by fusing or polishing, for instance, and 
limitations on inherent fibre birefringence.
To calculate the boundaries of the shaded tolerance regions of Fig. 6.15, we 
simply nominate the tolerable cross-talk, and ensure that the power for each polarization is 
not more than this level in the wrong fibre. For a -20 dB tolerance, for instance, we desire 
that more than 99% of the x-polarized power is found in the cross-fibre and less than 1% of 
the y-polarized power is found there. For an arbitrary tolerance, T, we require the powers 
at the cross-port of a splitter of length L to satisfy
P‘ross(LyPx(0) = sin2 (CL) > 1 - T (6-28a)
PJross(LyPy(0) = — L _  sin2[(l + qV /2CL] < T (6-28b)
(1 + Q )
The x-polarization condition is satisfied provided
(m + i)7 t-e x<CL<(m + i)7 t+ 8x m = 0 , 1 , 2  , . . .  (6-29a)
where
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£, = arcsinCT1 /2) (6-29b)
From this, and the definition Lc = 7t/C, we obtain the condition appropriate to Fig. 6.15 for 
the x-polarized light to fall within tolerance limits :
(m + |- ^ Q < U .B<(m + i+^-)Q (6-30)
These limits correspond to narrow wedges about the straight lines of slope 
(m+1/2) connecting the points with the same values of m in the (L/LB - Q) plane in Fig. 
6.15.
Similarly, to satisfy (6-28b), we require 
njt - Ey < (1 + Q2)1/2 CL < mc + £y (n = 1 , 2 , 3  , . . .)  (6-31a)
where
<7
arcsin ( t 1/2(1+Q 2)1'2) if T < ( l+ Q 2)'' 
jt/2 if T> (1 +Q2) 1
(6-31b)
rearranging (6-31 a) gives
Q(n- h  )/(l + Q2)1/2< i7 < Q(n + h ) /( l  + qV /2 (6-32)
(n = 1 , 2 ,3  ,...)
These correspond in the plane to "curved wedges" about the curves connecting points with 
the same values of n in Fig. 6.15. Note that, above Q = 9.95, equation (6-28b) holds 
always for T = 0.01, so that the curved wedge regions actually merge after this.
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The 20 dB tolerance regions, therefore, are simply the intersections in the plane of 
these curved y-wedges and the straight x-wedges. For larger cross- talk tolerances, the 
regions widen. High-order splitters are clearly more exacting to make, in view of their 
narrower range of fabrication parameters, especially Q. This is due to the large number of 
coupling cycles in the given length, for both polarizations, and the associated steeper 
response curves.
Type 11(b):
A Type 11(b) splitter is simply a Type 11(a) splitter which lies in one of the 
contiguous wedge-shaped tolerance regions of Fig. 6.15, and is thus a limiting form of the 
11(a) splitter, with only one degree of freedom to constrain. The requisite lengths for perfect 
Type n(b) splitters are just the discrete points (lines in the plane in Fig. 6.15):
L = (m + -1) Lc = (m + -i) rc/C m = 0 , 1 ,2 ,... (6-33)
where Lc is the coupling length for the x-polarization.
The principal practical difficulty for fabrication, as with Type 11(a) splitters, is the 
choice of suitable fibres having matched propagation constants for one of the polarization 
states and sufficiently mis-matched for the other to give a large enough Q value. This is 
exa cerbated by degradation of fibre birefringence during fabrication.
6.4.2 Spectral Response of Type II Splitters
The effect of a wavelength change from the operating wavelength of a Type II 
splitter is to degrade the splitting condition, just as for Type I. However, factors 
contributing to this degradation are different this time. As well as depending on the spectral 
response of the coupling constant, the output power splitting ratio for each polarization is 
also affected by the change in the actual propagation constants of the fundamental fibre 
modes, since Type II splitters rely on the resonances and mismatches between them.
We therefore require the spectral variation not only for C, the coupling constant, 
but also for Q, the normalized mismatch (anisotropy) parameter. Knowing these, we can
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insert them into (6-22) and (6-23) to obtain the output power splitting ratio for each 
polarization as a function of wavelength.
The expression for C in terms of relevant wavelength dependent quantities, U, V 
and W, has been given already in (6-12). From this, Q was derived using a similar 
expansion for (ßx - ß )^ from perturbation theory, and is given in (5-19). We may expand 
this to observe explicitly the wavelength dependence of Q, using the expression [Snyder 
and Love, 1983] :
Kq(W)-.
k;(W)
(6-34)
This leads to
m  s _ 5 f f WV\2 Kf o )  , 1
^  A lV 2U; K0(Wd/p) 4 K0(Wd/p) J (6-35)
Now, we can choose any allowed combination of m and n, and from (6-27a) 
determine Q necessary for polarization splitting. Next, using typical values for fibre radius 
p, core index nx , relative separation d/p , Vx and the operating wavelength X0 we can 
determine the coupling length and hence the overall coupler length (and, as a side issue, the 
necessary birefringent beat length) to achieve perfect splitting. By varying the wavelength 
in a range about the operating wavelength, we obtain plots of the spectral variation of the 
cross-port power for each polarization as in Fig. 6.16 and Fig. 6.17.
The figures exhibit common features - The x-polarization power spectrum 
oscillates between 0 and 1, since the x-indices are matched, while y-polarized power 
variations are less than 100%, due to the y-index mismatch. Both power curves reach 
extrem a at the operating wavelength, in this case 1550 nm, but nowhere else 
simultaneously. The spectral oscillation period decreases as wavelength increases for 
x-polarized light, since the x coupling constant increases. For y-polarized light, however, 
longer wavelength means larger coupling constant and smaller Q, and so the period may
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FIG. 6.16
Type II splitter spectral responses for the couplers with A = 0.0025, nx = 1.45 in cores of 
radius 4.5 um, core separation d/p = 5, and operating wavelength of 1550 nm in each 
case. Higher order splitters have the more severe response. Also on each graph, for 
illustration, variation of Q with wavelength, derived from (5-19) is plotted.
(a) (m,n) = (0,1), requiring Q = 1.732, hence L = 39.7 mm.
(b) (m,n) = (2,3), requiring Q = 0.663, hence L = 198.3 mm.
(c) (m,n) = (6,7), requiring Q = 0.400, hence L = 515.5 mm.
Type II splitter spectral responses for couplers with A = 0.0025, nx = 1.45 in cores of 
radius 4.5 um, and operating wavelength of 1550 nm again. Here we plot the (m,n) = (2,4) 
splitter response for different core separations d/p to show how coupler design can affect 
the response, even for the same order (m,n). Because only one value of (m,n) is used, Q in 
each case is the same, 1.249.
(a) d/p = 4, hence L = 56.9 mm.
(b) d/p = 6, hence L = 677.9 mm.
(c) d/p = 8, hence L = 7643 mm.
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increase, decrease or remain constant with increasing wavelength, depending on the design 
of the coupler, while total cross-talk for y-polarized light becomes more complete.
Fig 6.16 gives spectral responses for different (m,n) combinations, where there is 
a half-cycle difference between the x and y coupling cycles at 1550 nm, with the same 
physical dimensions of the coupler cross-section in each case. The requisite Q value at 
1550 nm (and hence at all wavelengths) depends on m and n, in accordance with Table 6.1. 
Its variation accounts for the differing level and spectral period of cross-talk for y-polarized 
light in each example. The more fundamental the (m,n) combination, the more gradual are 
the spectral oscillations and so short splitters should be more stable than long ones, as 
found for Type I. A very flat y-response occurs here when (m,n) = (0,1), due to the large 
value of Q and the slow C variation, and we find that a 20 dB (approx. 1%) cross-talk 
tolerance is satisfied from 1450 nm to 1600 nm for y-polarized light, compared to the much 
shorter range of 1540 nm to 1560 nm for x-polarized light.
Fig. 6.17 shows three similar plots for splitters with (m,n)= (2,4) and different 
core-core separations, d/p .In  each case, Q must be 1.249 at 1550 nm but varies more 
steeply with wavelength for larger d/p, as does the coupling constant, C. When d/p = 
4.0, the combined effects of spectral variations in C and Q near 1550 nm mean that the 
length scale for cross-talk in the coupler for y-polarized light hardly changes, remaining in 
the narrow range of 14.44 mm at 1500 nm to 14.23 mm at 1550 nm. Hence, there is a flat 
spot (better than 20 dB isolation) in the y-polarization spectral response between 1500 and 
1550 nm. Fig. 6.17 indicates that smaller core separations are more desireable for good 
spectral and environmental stability and practical length, (57 mm for d/p = 4 compared to 
7.64 metres (in theory!) for d/p = 8), but more birefringence is needed in shorter splitters 
for a given (m,n) to produce the greater relative difference in coupling constants.
6 .5  PRACTICAL COMPARISONS BETWEEN THE TWO TYPES OF
POLARIZATION SPLITTER 
6.5.0 Obtaining the Splitting Condition
Having investigated two types of polarization splitter, we now compare the likely 
advantages and disadvantages of making and working with each type.
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We have seen, that to make both types of splitter, we require two degrees of 
freedom in the fabrication process, to select the splitting ratio for both polarizations, except 
for Type 11(b) splitters, since cross-talk for one polarization is negligible. Also, in both 
types, alignment between the optical axes of the two fibres is critical for polarization 
maintenance and total cross-talk for one or both polarizations (depending on the type).
It is worth pointing out, however, that the polarization splitting conditions listed 
above for both splitter types, i.e. (6-5) to (6-11) for Type I and (6-24) to (6-27) for Type 
II, relate physically to nett phase differences accumulated by the system modes beating 
along the coupling regions. Therefore, provided the axis alignments at the input and output 
are correct, the modes at the ends will be correct, and if the structure varies in an adiabatic 
manner so that the modes are not coupled to each other, the initial combination of modes 
will be maintained to the end. The nett phase conditions then become the only requirements 
for correct polarization splitting, regardless of local axis misalignments which may occur 
between the ends of the coupling region.
The adiabatic coupler may therefore be considered as a "black box" which 
imposes phase delays on the normal modes, leaving the x-polarized normal modes out of 
phase and the y-polarized normal modes in phase, or vice versa at the outputs. The only 
thing which alters this assumption is that the normal modes may be almost degenerate, as 
seen in the previous chapter, in which case any lengthwise variation, no matter how 
gradual, is likely to be non-aidiabatic. If the axes are well-aligned, near-degeneracies only 
occur when Q is close to 0 or 1, neither of which are ideal situations in birefringent 
couplers.
If one isotropic fibre is used in the Type II splitter, axis alignment does not apply,
but twisting, winding or other pertubations couple the normal modes, affecting the
polarization state in the isotropic fibre, and degrading the polarization splitting. It is
generally impossible to fabricate couplers without such disturbances to the fibres, so two
foe
birefringent fibres will probablyytiequired to make Type II splitters in practice. The main 
difficulty here is to obtain fibres which can be matched for one polarization and sufficiently 
mismatched for the other to satisfy the Type II conditions.
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6.5.1 Length Required for Polarization Splitting
For a given material anisotropy, we can make the general observation that Type I 
polarization splitters must be very much longer than Type Ü.
Type I rely on birefringence-induced differences in coupling constants, which 
themselves are differences between propagation constants of the even and odd normal 
modes. Material birefringence perturbs these in the same sense for a given polarization, so 
the coupling constants are much less perturbed. To create a useful relative difference in 
coupling beat lengths, therefore, substantial birefringence is needed. Several or even many 
coupling cycles will then be required for this difference to yield the desired phase 
mismatch.
By contrast, Type II splitters rely on creating a resonance between the 
fundamental modes of the two fibres for one polarization only, while the other polarization 
suffers a mismatch of propagation constants comparable to the scalar coupling constant, 
which is typically smaller by a factor of 1000 than the propagation constants. Any 
birefringence which perturbs the propagation constants by much more than this amount 
leaves the fundamental modes a long way off resonance for one polarization, and enables 
polarization splitting to occur within the first few coupling cycles.
We may compare the two types of splitter, by considering couplers with the same physical 
dimensions and operating conditions, and calculating the lengths and fibre anisotropies 
required for the splitting conditions to be satisfied in each type. The Type I splitters 
considered consist of identical birefringent fibres in an isotropic cladding, while Type II 
contains one anisotropic fibre identical to those in the Type I coupler, and one isotropic 
fibre of the same radius, with core index matched to the x value in the anisotropic fibre. We 
follow the theme and parameters of Fig. 6.11(a) and plot splitter length as a function of 
anisotropy, obtaining discrete points in the (5, L) plane.
Thus, in Fig. 6.18, the anisotropy ratio 5/A is varied from 0 ro 0.3 in fibres of 
radius p = 5.0 um, with profile height parameter A = 0.003, core index nx = 1.45, fixed 
for x-polarized light, and fibre separation d/p = 3.0. The operating wavelength is set at 
1500 nm. The V value for x-polarized light remains at 2.35 and for y-polarized light V 
decreases as anisotropy increases. The isotropic coupling length Lc = 7t/C is 13.0 mm
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FIG. 6.18
Comparison of the lengths of Type I and II splitters in the (8/A ,L) plane. The inset 
illustrates the numbering convention for (Nx ,Ny ) = (1.5,2), for both types, with 
corresponding points labelled by asterisks on the graph for both splitter types. In each 
case, the couplers consist of two fibres of radius 5 Jim, A = 0.003, nx = 1.45, core 
separation d/p = 3 and operating wavelength 1500 nm. (Hence Vx = 2.35, and evanescent 
coupling length is 13.0 mm.)
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here, and the birefringent beat length is 4.216 x 1(M (A/5) m, so that Q is given by 
30.84 x (5/A).
In this range, many Type I and II splitters are possible. The Type I splitters 
shown are restricted to those in which there is a 1/2 or 3/2 coupling cycle difference for the 
two polarizations, and the number of x coupling cycles ranges from 1 up to 13.5. Type II 
splitters ranging from the simplest to several higher orders are also shown. In each case, 
further higher order cycle combinations are possible in the area covered, but are omitted to 
simplify the diagram. In the Type I splitters, Ny > Nx because y-polarization coupling is 
stronger due to the fact that ny < nx . In type II splitters Ny is also greater than Nx , since 
it is the y-index that is mismatched.
The inset figure shows the case (Nx ,Ny ) = (1.5,2) to illustrate the numbering 
system, and the corresponding points in the (5/A, L) plane are marked by asterisks. 
Obviously, much less birefringence is required in the Type II case, and this holds for all 
other coupling cycle combinations. In fact, for any desired length, Type II splitters are 
possible with much less required anisotropy than Type I.
For a given anisotropy 5/A, it is possible to fabricate Type II polarization splitters 
an order of magnitude shorter than Type I, e.g. from Fig. 6.18, if relative anisotropy 
5/A<0.05, the shortest Type I splitter is 6.5 coupling cycles long, or 97.5 mm, compared 
to only 1.5 full coupling cycles or 19.5 mm in length for the shortest Type 13 splitter in this 
regime. For (5/A) < 0.06, the comparison is 84.5 mm to 6.5 mm, as the shortest Type II 
splitter is then only 0.5 cycles long. The length of the Type I splitter only reduces to 19.5 
mm when (5/A) reaches 0.2175 compared to 0.0286 for the lowest order Type II splitter of 
this length.
We have so far assumed that the coupling constant in Type II splitters is given 
roughly by its scalar value, C, say, calculated on the assumption that both fibres have the 
same core index. This is acceptable provided anisotropy is small, and the coupler is too 
short for the slight error to manifest itself, so it holds in lower-order Type II splitters. 
However, the assumption breaks down in higher-order Type II splitters, since their lengths 
approach those of the lower-order Type I splitters in Fig. 6.18, indicating that there is a 
measureable difference in coupling lengths for the two polarizations over this distance.
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For example, to have Type II splitting with Nx =1.5 and Ny = 7, requires an 
anisotropy (5/A) of almost 0.15, more than enough for Type I splitting with Nx= 2.5 and 
Ny = 3, implying that Cy > 1.2 Cx for this (S/A). This does not rule out Type II splitting in 
these cases, but our simple analysis is somewhat inaccurate. Hence our analysis is best for 
Type II splitters furthest from the Type I splitters in the (5/A , L) plane of Fig. 6.18.
6.6 CONCLUSIONS
It is possible, in principle, to fabricate a birefringent fibre coupler which separates 
the two orthogonal states of polarization launched into one input port or, conversely, 
combines orthogonal states from two input ports into one output port, analagously to the 
bulk-optics polarizing beamsplitter. Two coupler types are proposed to achieve this, one 
consisting of a pair of identical birefringent fibres with their optical axes aligned in 
cross-section, and the other involving two different fibres, with fundamental mode 
propagation constants matched for one polarization, and mismatched for the other.
In the first scheme, Type I polarization splitters, the birefringence causes a 
difference between the power transfer beat lengths for the two polarizations, resulting in the 
sinusoidal power transfer for the two polarizations falling out of step with each other along 
the coupling region, so that at the output, one polarization emerges from the through port, 
and one emerges from the cross-port. Typically, several power transfer cycles will be 
required to obtain a half-cycle difference for the two polarizations at the output.
In the second scheme, the power transfer for one polarization is complete and 
sinusoidal, while the orthogonal state experiences incomplete power transfer on a shorter 
length scale, due to the mismatch. Thus, it is possible to detune the fundamental mode 
propagation constants for one polarization and set the coupling region length so that the 
matched polarization is transferred completely to the cross-port at the output, while the 
mismatched polarization returns to the through-port over the same distance. If detuning is 
sufficient, cross-talk is so reduced for the mismatched polarization that it is negligible, and 
the mismatched polarization always emerges from the through-port. In this limit, the only 
requirement is that the length is set so that the matched polarization emerges from the
cross-port.
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Type II splitters require much less anisotropy to function in a given length than 
Type I. The necessary mismatch (detuning) in fundamental mode propagation constants to 
give Type II polarization splitting is comparable to the coupling constant, which is typically 
1000 times smaller than the propagation constants themselves. By contrast, Type I splitters 
require enough birefringence to obtain a significant difference in the coupling constants, 
which vary much more slowly with refractive index than the propagation constants. 
Conversely, for a given birefringence, Type II splitters can be made much shorter than 
Type I.
Generally, two degrees of freedom are required in the fabrication process for both 
types of polarization splitters, except in Type II when the mismatch is very large for one 
polarization. Spectral and environmental variations are more severe when the splitter 
involves many coupling cycles, and Type II are more practical in this regard. Type II 
splitters may prove more difficult to make, however, since it is necessary to have two 
fibres in which fundamental mode propagation constants can be matched for one 
polarization and mismatched for the other.
2 4 7
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